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Abstract: This study employed a template method to prepare a highly ordered and interconnected
porous HOM-m MgFe, O, /MgO rare earth ion-efficient adsorbent. The specific surface area of the
adsorbent was as high as 130 m? /g, with saturation adsorption capacities for Ce(I) and La(III)
of 5689.69 mg/g and 2123.50 mg/g, respectively. The adsorbent exhibited superparamagnetism
with efficient and rapid separation from an aqueous solution using a magnet. The adsorption
results indicated that the adsorption mechanism of HOM-m MgFe,O,/MgO towards Ce(Ill) and
La(IIl) primarily involved the ion exchange and redox reactions between Mg(II) hydrolyzed from
MgO and Ce(III) /La(III), as well as the electrostatic attraction between MgFe,O4 and Ce(III) /La(III).
Density functional theory (DFT) calculations revealed that the adsorption process was driven by the
interaction of Ce(III) and La(III) ions with the surface oxygen atoms of MgFe,O4/MgO. Moreover,
MgFe,04/MgO showed a higher affinity and stronger adsorption effect towards Ce(III) than La(III).
Adsorption cycling experiments demonstrated that even after three cycles, HOM-m MgFe,;O4/MgO
maintained good removal efficiency for Ce(Ill) and La(III). Therefore, this adsorbent shows promise
as an effective material for removing Ce(III) and La(IIl) and has significant implications for the
remediation of water resources in ion adsorption-type rare earth mining areas.

Keywords: rare earth ions; porous materials; magnetic adsorbents; adsorption mechanism

1. Introduction

Rare earth elements (REEs) are a group of chemical elements, which mainly consist
of lanthanum (La), cerium (Ce), and another 15 lanthanide elements. Rare earth elements
have exceptional physical and chemical qualities in areas such as optics, electronics, and
magnetism and are widely sought globally [1,2]. They find extensive applications in areas
such as new energy, national defense, and military technology, earning them the nickname
“Vitamins of Modern Industry” [3,4]. Rare earth elements mostly exist as trivalent cations in
ion-adsorption-type rare earth ores in regions such as Madagascar, Brazil, and the southern
provinces of China [5]. Currently, in situ leaching technology is widely employed for
the extraction of ion-adsorption-type rare earth ores [6]. In southern China, the primary
method for extracting ion-adsorption-type rare earth ores involves leaching rare earth
elements with ammonium sulfate solution, followed by precipitation with ammonium
carbonate to obtain rare earth concentrates [7,8]. However, this process generates a large
amount of low-concentration rare earth wastewater [9]. Additionally, under the long-term
effects of rainfall, leachate from the mine migrates to adjacent water bodies, resulting
in low-concentration rare earth wastewater pollution around the mine [10]. In recent
decades, numerous studies have reported the significant threat to ecosystems and human
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health [11-13]. Therefore, the treatment of wastewater containing low concentrations of
rare earth ions is urgently needed.

Lanthanum (IIT) and cerium (III) are the two most abundant ones among rare earth
elements and also the two most common rare earth elements in ion-adsorption rare earth
ores. Thanks to their outstanding physical and chemical properties, they are widely applied
in the fields of materials science, energy, and the electronics industry [14-16]. However,
wastewater containing lanthanum elements generated during the extraction process can
change the chemical properties of water bodies. In water, lanthanum ions may combine
with anions (such as carbonate ions, phosphate ions, etc.), forming precipitates or complexes
which can affect the growth of aquatic organisms. Wastewater containing cerium elements
can be toxic to aquatic organisms and may even lead to the death of aquatic organisms,
seriously affecting the ecological balance. Therefore, the removal of lanthanum (III) and
cerium (III) from rare earth wastewater has also become a research hotspot among scholars
both at home and abroad.

For example, Allahkarami et al. have comprehensively summarized the corresponding
adsorption performance and adsorption mechanisms regarding the topic of using different
adsorbents to remove cerium (III) from various aqueous solutions, providing an important
reference basis for subsequent related research and practical operations [17]. Iftekhar et al.
focused on summarizing the influencing factors of different adsorbents on the adsorption
of lanthanum (III), which can help people further understand and master the key points in
the adsorption process so as to better carry out removal work [18]. All in all, being able to
efficiently remove lanthanum (III) and cerium (III) from rare earth wastewater is of great
significance for the sustainable development of the ecological environment.

In order to effectively recover and enrich low-concentration rare earth elements, meth-
ods such as precipitation [19], extraction [20], and adsorption [21] are widely used for
leachate and wastewater generated from ion-adsorption-type rare earth ores. Among these
methods, adsorption offers advantages such as simple operation, high treatment efficiency,
and low processing costs, making it promising for the treatment of rare earth ion wastew-
ater [22,23]. Currently, the materials used for rare earth ion adsorption mainly include
activated carbon [24], metal oxides [25], natural zeolites [26], and clays [27]. However, due
to their low saturation adsorption capacity, poor deep processing capability, and difficulty
in separating them from water bodies, they reduce treatment efficiency and increase pro-
cessing costs. Finding an adsorption material with a high saturation adsorption capacity,
strong deep processing capability, and easy separation from water bodies is a direction of
effort for many researchers.

In recent years, MgO has exhibited excellent adsorption performance, nontoxicity,
alkalinity, and abundant surface-active sites, making it an efficient environmental adsor-
bent [28]. Previously, it has been demonstrated to be capable of removing heavy metals
or dye molecules from wastewater [29-31]. In terms of heavy metal ion adsorption, MgO
exhibits an excellent adsorption capacity for Pb(II) [32], Cd(II) [33], Ni(II) [34], As(III) [35],
Cr(VI) [36], Se(IV) [37], and Se(VI) [38] because of its low price, fast adsorption rate, large
saturation adsorption capacity, and strong deep processing capability. However, there have
been no reports on the use of MgO as an adsorbent for rare earth ions. Therefore, this study
investigated the adsorption of rare earth ions by MgO. Additionally, the literature indicates
that the morphology, pore size, surface area, and surface defects of MgQO significantly
influence the performance of MgO adsorbents [39,40]. Increasing the specific surface area
of nanomaterials is an effective method for enhancing the adsorption capacity of MgO
nanomaterials. Ordered mesoporous materials have small pore sizes (2-50 nm) and large
pore volumes; thus, preparing ordered mesoporous MgO can meet the requirement for
high specific surface area of adsorbents [41]. However, because of the narrow pores, ions
frequently collide with the pore walls during the adsorption process, significantly reducing
the diffusion rate and mass transfer efficiency. On the other hand, macroporous materials
(>50 nm) have lower probabilities of ion—pore wall collisions, resulting in higher mass
transfer rates. Nevertheless, the pore quantity of macroporous materials is lower than that
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of mesoporous materials, leading to a significant reduction in the specific surface area,
which severely affects their adsorption performance. Therefore, employing macroporous
materials as “high-speed lanes” to divide the elongated mesoporous “tunnels”, forming a
high-speed mass transfer network, is an effective approach to address the low ion capture
efficiency of ordered mesoporous MgO.

Centrifugal separation is frequently used after the adsorption of rare earth ions by
adsorbents. However, centrifugal separation has low efficiency and significantly increases
the cost of rare earth ion capture [42]. The preparation of adsorbents with ferromagnetic
properties is a common method for achieving rapid and convenient separation of adsor-
bents from water. The magnetic portion of the synthesized magnetic adsorbents typically
includes Fe [43], Fe304 [44], v-Fe;O3 [45], and spinel ferrites (MFe;O4), where M repre-
sents Mg, Mn, Co, Ni, Cu, etc.) [46,47]. Compared to other magnetic materials, the M(II)
in MFe;Qy is not sensitive to Oy; hence, oxidation-reduction reactions are less likely to
occur in air [48]. Therefore, creating an oxygen-free environment is not necessary during
the preparation of MFe,Oy, which makes the synthesis process simple and controllable.
MFe;O4 not only possesses excellent magnetism and biocompatibility but also has abun-
dant hydroxyl groups (M-OH and Fe-OH) on the surface, serving as the main active sites
for various ion binding activities. MgFe,O4/MgO can effectively alleviate the aggregation
of magnetic entities in aqueous solutions and increase the adsorption sites of the adsor-
bent. Meanwhile, it can significantly reduce the cost of rare earth ion capture. Sun et al.
constructed a MgFe,O,/MgO heterostructure to form oxygen vacancies for the adsorption
of sulfamethoxazole (SMX) [49]. The heterostructure of MgFe,O4/MgO can generate a
large number of vacancies at the interface, and these vacancies can serve as adsorption
sites, enhancing the adsorption ability for target substances. Moreover, MgFe,O, and
MgO each have different band structures. After the formation of the heterostructure, the
interaction between them can lead to changes in the band structure. Such changes can
make the material have selectivity for the adsorption of specific substances. Therefore,
MgFe;O4/MgO has broad application prospects in the field of adsorption.

In this study, polystyrene (PS) microspheres were utilized as the macroporous hard
template, and Pluronic F127 (poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene
oxide) triblock copolymer) served as the mesoporous soft template to prepare hierarchi-
cally ordered macroporous-mesoporous (HOM-m) MgFe,O4/MgO rare earth ion-efficient
absorbents for Ce(Ill) and La(Ill) adsorption. This method combines the high adsorption
performance of MgO with the stable magnetism of MgFe,;O4 to synthesize an efficient and
recyclable adsorbent for the adsorption of rare earth ions. Through isothermal adsorption,
adsorption kinetics, and adsorption thermodynamics experiments, the adsorption behavior
of HOM-m MgFe,O4/MgO on Ce(Ill) and La(Ill) was analyzed, and the influence of the
initial solution’s pH value, adsorbent dosage, NH,* concentration, and coexisting cation
concentration on the adsorption results was determined. X-ray Photoelectron Spectroscopy
(XPS) technology and density functional theory (DFT) calculations were employed in the ex-
periments to thoroughly analyze the adsorption mechanism of the HOM-m MgFe;O,/MgO
adsorbents on Ce(IIl) and La(III).

2. Materials and Methods
2.1. Materials

The chemical information is included in Table S1.

2.2. Characterizations

Scanning electron microscopy (SEM; Zeiss Sigma 300, Carl Zeiss AG, Oberkochen,
Germany) was used to examine the micromorphology and elemental distribution of the
materials. The phase composition and structural details of the samples within the 10-90°
(20) range were recorded by X-ray diffraction (XRD; SHIMADZU XRD-7000, Shimadzu
Corporation, Kyoto City, Japan) under CuKo radiation. The specific surface area, pore
volume, and pore size distribution of the materials were determined using a Brunauer—
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Emmett-Teller analyzer (Micromeritics ASAP 2020, Micromeritics, Norcross, GA, USA). A
vibrating sample magnetometer (VSM; Lake Shore 7404, Lake Shore, Columbus City, OH,
USA) was used to analyze the magnetic hysteresis curves of the magnetic samples. The
concentrations of Ce(III) and La(III) in the solution were determined by inductively coupled
plasma optical emission spectrometry (ICP-OES; Agilent 8800, Agilent Technologies Inc.,
Santa Clara, CA, USA). Using Al K« radiation (1486.6 eV), XPS (Thermo Scientific K-
Alpha, Thermo Fisher Scientific, Waltham, MA, USA) was used to determine the elemental
composition and chemical states.

2.3. Material Synthesis

The schematic diagram of the HOM-m MgFe,O4/MgO rare earth adsorbent prepared
by the sacrificial template method is shown in Figure 1.
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Figure 1. Scheme of HOM-m MgFe,;O4/MgO prepared using colloidal crystal template method.

Step I: Preparation of polystyrene (PS) template

For the detailed experimental procedures, refer to the previous existing study [50].
Firstly, monodisperse polystyrene (PS) microspheres with a particle size of approximately
600 nm were synthesized using soap-free emulsion polymerization. Subsequently, the
polystyrene colloidal crystal template was prepared using a constant-temperature suspen-
sion film-forming process. For detailed experimental procedures, please refer to Text S1 in
the Supporting Information section.

Step II: Preparation of impregnated PS template

To prepare the impregnated PS template, 1.0 g of Pluronic F127 was dissolved in
10 mL of a 40% ethanol solution at room temperature and stirred to form colorless and
transparent solution A. Solution B was made by dissolving 2.57 g of Mg(NO3),-6H,0, 4.04 g
of Fe(NOs3)3-6H,0, and 2.10 g of citric acid containing 40% methanol and 60% ethylene
glycol. Finally, solution A was mixed with solution B under magnetic stirring to prepare the
precursor solution. The precursor solution was poured into a Buchner funnel containing
2.0 g of the PS colloidal crystal template, ensuring complete penetration of the liquid into
the template to obtain the impregnated PS template.

Step III: Preparation of HOM-m MgFe,O4/MgO

Then, we dried the infiltrated PS template in an air atmosphere with a humidity
lower than 40% for 48 h. Then, the dried template was placed in a tube furnace under
an air atmosphere. It was heated from room temperature to 300 °C at a heating rate of
1.0 °C/min and kept for 180 min. After that, it was further heated up to 550 °C and
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maintained for 300 min. Finally, the mixture was cooled to room temperature to obtain the
HOM-m-MgFe;04/MgO material.

2.4. Batch Adsorption Experiments

Batch adsorption experiments were conducted in a constant-temperature shaking incu-
bator at 25 °C and 100 rpm to investigate the adsorption capacity of HOM-m MgFe,O4/MgO
for Ce(IIl) and La(Ill). In the isothermal adsorption and adsorption thermodynamics ex-
periments, 10 mg of the adsorbent was added to 20 mL of Ce(IlI) and La(III) solutions
with different initial concentrations (100-5000 mg/L). Ce(Ill) and La(III) solutions were
prepared using Ce(NOs3)3-6H,O and La(NOs)3-6H,0, respectively. Adsorption kinetic
experiments were conducted at time intervals of 1, 2, 5, 10, 30, 60, 120, and 360 min, with an
initial concentration of 500 mg/L for both Ce(IIl) and La(IlI). Additionally, a single-factor
experiment was carried out to investigate the influence of different initial pH values (3-9),
adsorbent dosages (5-25 mg), NH4* concentrations (0-300 mg/L), and common coexisting
cation concentrations (Mg?*, Ca?*, AI**, Fe3*) on the adsorption of Ce(III) and La(III). After
adsorption equilibrium was reached, the residual concentrations of Ce(III) and La(III) were
measured using ICP. The equilibrium adsorption capacity and removal efficiency were
calculated using Equations (1) and (2).

C, — C
Ge = %V (1)
CO - Ce
Co

where g, represents the adsorption capacity of Ce(Ill) or La(Ill) at equilibrium (mg/g)
and R is the removal efficiency of Ce(IIl) or La(Ill) (mg/g). Cp and C, are the initial and
equilibrium concentrations of the solution, respectively, measured in milligrams per liter. V
represents the volume of the solution (liters) and m is the mass of the adsorbent (g).

Three parallel experiments were performed for each factor to confirm the authenticity
and quality of the experimental data throughout the optimization of the adsorption tri-
als. Detailed data analyses, including the kinetic and isotherm models, are presented in
Table S2.

R= x 100% @)

2.5. Density Functional Theory (DFT) Calculations

Electronic structure calculations were performed using density functional theory
(DFT), and all computations were implemented in Materials Studio with the CASTEP code.
The Perdew-Burke-Ernzerhof (PBE) functional within the framework of the generalized
gradient approximation (GGA) was employed to calculate the exchange correlation energy.
Convergence criteria for energy change, maximum force, and maximum displacement were
setat2 x 1075 eV /atom, 0.05 eV /A, and 0.002 A, respectively. To construct the adsorption
models, the (100) and (311) crystal planes were sliced from the MgO and MgFe, O, crystals
to form heterostructures. All atomic layers were placed on the xy-plane under periodic
boundary conditions and with an additional vacuum layer of approximately 15 A added in
the direction perpendicular to the surface to eliminate interlayer interactions. Using the
MgFe,;04/MgO heterostructure as the adsorbent and Ce(Ill) and La(IlI) as the adsorbates,
the adsorption energies were calculated as follows:

Eads = Esystem - Eadsorbate - Eabsorbent (3)

where Esystem, Eadsorbates @0d Eapsorbent Tepresent the optimized total energies (eV) of the
adsorption system, adsorbate, and adsorbent, respectively. To investigate the interactions
between Ce(Ill)/La(Ill) and MgFe,O4/MgO in more detail, we employed the charge
density difference (CDD) and projected density of states (PDOS) to evaluate the interactions
through electronic structure changes between the adsorbent and adsorbate.
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3. Results and Discussion
3.1. Structural Properties

The morphological characteristics of the absorbent samples were characterized by scan-
ning electron microscopy (SEM). Figure 2a—d show SEM images of HOM-m MgFe,O4/MgO
prepared by using polystyrene colloidal crystal templates with a particle size of approxi-
mately 600 nm as hard templates and the Pluronic F127 as a soft template. After calcination
at 550 °C, the polystyrene colloidal crystal templates were eliminated while maintaining
the structured pattern of the initial template. The final material had an ordered porous
structure with large interconnecting pores separated by tiny window-like apertures. The
macropores were organized in a structured manner with a consistent pore diameter of ap-
proximately 300 nm. This phenomenon is due to the fact both the template and pore walls
contract simultaneously during calcination, leading to a shrinkage rate of approximately
50%. Surface imperfections in the macroporous material may be attributed to intrinsic
flaws in the colloidal crystal template or the shrinking of pore diameters caused by uneven
heating during calcination. In the magnified view of Figure 2d, the large pore walls are
predominantly composed of MgFe,O4/MgO nanoparticles with a uniform distribution
and an average particle size of approximately 20 nm. Additionally, numerous mesopores
with sizes of approximately 10-20 nm were observed on the surface of MgFe,O4/MgO,
which were attributed to the thermal decomposition of Pluronic F127 during calcination.

Mg Kal_2 Fe Lal,2

(h)

2.5pum

2.5um

2.5um

Figure 2. SEM images (a-d) and EDS element mappings (e-i) of HOM-m MgFe,;O4/MgO.
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Figure 2e—i present the EDS elemental mapping of the HOM-m MgFe,O4/MgO. Mg,
Fe, and O were evenly distributed in the adsorbent material, confirming the presence of
Fe in the form of composite oxides. Furthermore, elemental content analysis revealed an
atomic ratio of Mg to Fe, which is consistent with the experimental design composition.

X-ray diffraction (XRD) analysis was performed on the absorbent samples, and the
results are shown in Figure 3a. The diffraction peaks at 30.14°, 35.45°, 43.18°, 57.09°, and
62.56° correspond to the (220), (311), (400), (422) and (440) crystal planes of MgFe;O4
(JCPDS 36-0398) [51,52]. The diffraction peaks at 42.9°, 62.3°, and 78.6° correspond to
the (200), (220) and (222) crystal planes of MgO (JCPDS 87-0653) [53,54]. The sharp and
smooth baselines of the diffraction patterns indicated a high degree of crystallinity of the
product. The absence of impurity peaks in the XRD spectrum confirms the formation
of the MgFe;O4/MgO composite material. The Debye-Scherrer formula was applied
to determine the particle size of the calcined product, D = kA/ (B cosf) [55], where D
represents the particle size, k is the Scherrer constant (0.89), A is the X-ray wavelength
(0.15406), B is the half-width of the diffraction peak, and 0 is the matching diffraction angle.
In agreement with the findings of scanning electron microscopy (SEM), the particle size of
HOM-m MgFe;0,4/MgO was determined to be approximately 13.48 nm.

12
(a) *  MgFe,0, 10l()
" Mg0 o 8 Ms=10.38 emu/g
E 0
3 S 4
3 S = 24
> by S r===a_
z = s 0 i 2o
2 3 ] | B
£ = g 2 :
= n S 4] \ Mr=0.14 emiu/g
* £ \ o
& 61 \of e 2
E -84 \ | He=6.61 O¢
ULl ety " )
T T T T T T T 12 S0 0 i
10 20 30 4o 26‘00 60 70 80 90 —20,000 —10,000 0 10,000 20,000
© Magnetic Field (Oe)
300 0.0030'
© siaee d D, csaporous = 13.13 nm
@ 2504 = Adsorption ) \ V=0427 cm"/g
"4 —e— Desorption !
£ 0.0020-] !
< 200 _ |
-3 =0 1
2 20.001:_ i
S 150 s |
< a |
2 3000109 |
2 100 - s . :
i 0.0005 |1 H
S 50 ! !
s [Prs
=4 Sper =130 m¥g 0 I(-hostlpcak
- 1
T T T T T T

e

T
T T
0.0 0.2 0.4 0.6 0.8 1.0 0 5 10 15 20 25 30 35 40

Relative Pressure (p/py ) Pore Diameter (nm)

Figure 3. XRD patterns (a), magnetic hysteresis loops (b), N, adsorption—desorption isotherms (c),
and the corresponding pore size distributions (d) of HOM-m MgFe,04/MgO.

Figure 3b shows the hysteresis loop of HOM-m MgFe,O,/MgO at a temperature of
298.15 K. The saturation magnetization (Ms) is 10.38 emu/g, coercivity is 6.61 Oe, and
remanence is 0.14 emu/g. The small coercivity and remanence indicate that HOM-m
MgFe;04/MgO exhibits superparamagnetic behavior.

The specific surface area, mesopore size, and pore volume of HOM-m MgFe,;O4/MgO
were characterized using N» adsorption-desorption isotherms. The BET adsorption isotherm
and the corresponding BJH pore size distribution curve are shown in Figure 3c,d. Please
refer to Text S2 in the Supporting Information section for the calculation methods of pore
size, pore volume and specific surface area. HOM-m MgFe;O4/MgO exhibited a typical
Type Il isotherm with a well-defined Hj hysteresis loop in the relative pressure range (P/Py)
of 0.7-1.0, indicative of a macroporous material. No adsorption plateau was observed at
P/Py =~ 1.0, and the H3 hysteresis loop is a characteristic feature of large-pore materials. The
calculated specific surface area of HOM-m MgFe;O,/MgO was approximately 130 m?/g.
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From Figure 3d, it is evident that HOM-m MgFe;O4/MgO possesses abundant mesopores
with a size range of approximately 5-20 nm, an average mesopore size of 13.13 nm, and a
pore volume of approximately 0.427 cm3/g.

3.2. Adsorption Kinetics

The contact time is a crucial factor in assessing the rate of adsorption. The influ-
ence of contact time on the adsorption of Ce(Ill) and La(Ill) in wastewater by HOM-m
MgFe,O04/MgO was studied, as shown in Figure 4a. It was observed that the adsorption
rapidly increased within the first 30 min and reached equilibrium after 2 h. This might
be attributed to the reduction in the concentration gradient of rare earth ions between the
surface of MgFe,O4/MgO and the free rare earth ions, which leads to a decrease in the
available adsorption active sites and an increase in the adsorption quantity.
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Figure 4. Kinetic curves of Ce(Ill) and La(Ill) of HOM-m MgFe,;O4/MgO (a); the pseudo-first-
order model fitting curves (b); pseudo-second-order model fitting curves (c); and the corresponding
intra-particle diffusion plots (d).

To better understand the adsorption process and mechanism of HOM-m MgFe,O4/MgO
for Ce(IlI) and La(Ill), we fitted the experimental results with the pseudo-first-order kinetic
model (PFOM) (Figure 4b), pseudo-second-order kinetic model (PSOM) (Figure 4c), and
intra-particle diffusion (DI) (Figure 4d) kinetic model. Tables S3-S5 show the fitted data. The
results indicate that the PSOM fitting coefficients (R?) for the adsorption of Ce(III) and La(III)
by the absorbent are closer to 1, and the calculated adsorption amounts (e ) are close to the
experimental adsorption amounts (qe, exp), suggesting that the adsorption system was mainly
governed by chemical adsorption, such as ion exchange and complexation [56]. Additionally,
the DI model displays three linear segments, indicating that the adsorption process of HOM-m
MgFe;O4/MgO can be divided into three stages: surface diffusion, intraparticle diffusion, and
adsorption—desorption equilibrium. During the first stage, Ce(IlI) and La(Ill) quickly move to
the surface of the absorbent via ion exchange and electrostatic attraction, filling up external
adsorption sites. During the second stage, the adsorption rate of the absorbent decreased until
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it reached equilibrium. This may be attributed to the increased spread of Ce(IlI) and La(III) on
the adsorbent surface into interior pores with fewer adsorption sites and narrower channels,
which leads to a higher diffusion resistance and a decrease in the adsorption rate [57]. In
the third step, the absorbent reaches saturation. The adsorption kinetics findings indicate
that the adsorption of Ce(Ill) and La(Ill) by HOM-m MgFe,O4/MgO involves a complicated,
multistep process mostly driven by chemical adsorption.

3.3. Adsorption Isotherm

The adsorption isotherm describes the equilibrium relationship between the absorbent
and the adsorbed ions. The adsorption isotherms of HOM-m MgFe,O,/MgO for Ce(III)
and La(III) at different initial concentrations at room temperature are shown in Figure 5a.
The adsorption capacities of Ce(Ill) and La(Ill) exhibited a significantly increasing trend
with variations in their initial concentrations. As the initial concentration increased, the
rate of adsorption capacity enhancement slowed, ultimately reaching equilibrium. This
phenomenon is attributed to the fact that, at low concentrations, the active sites of the
adsorbent are sufficient to remove the target ions. However, as most active sites are
occupied by Ce(Ill) and La(III), the diffusion of Ce(Ill) and La(III) from the liquid phase to
the solid phase becomes increasingly challenging.
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Figure 5. (a) Thermodynamic curves of Ce(IIl) and La(III) of HOM-m MgFe,O4/MgO; (b) In(q,/Ce)
with the linear fitting of g,; Inset (c) is In (Kp) with the linear fitting of 1/T.

The adsorption isotherm data were analyzed by fitting the Langmuir and Freundlich
models; the fitting results are presented in Table S6. It is evident that the fit coefficient R? for
the Freundlich model is closer to 1, indicating a better fit to the Freundlich model and a non-
uniform adsorption process. Furthermore, the fit coefficient for the Langmuir model is close
to 1, indicating that the adsorption process may involve uniform monolayer adsorption,
possibly due to electrostatic attraction. The Freundlich fit results with 1/n < 1 and the
Langmuir fit results with Ky, values in the range of 0-1 suggest that the adsorption of Ce(III)
and La(IIT) by HOM-m MgFe,O,/MgO is favorable [58]. According to the Langmuir fit
results, the saturation adsorption capacities of HOM-m MgFe;O4/MgO for Ce(Ill) and
La(III) are 5689.69 mg/g and 2123.50 mg/g, respectively.

3.4. Adsorption Thermodynamics

Temperature is also a crucial factor influencing adsorption. The adsorption isotherms
of HOM-m MgFe;O,/MgO at different temperatures are shown in Figure 5a and the fitting
results of the Langmuir and Freundlich models for the adsorption data are presented in
Table S6. From the graph, it is evident that as the environmental temperature increases
from 25 °C to 45 °C, the saturation adsorption capacity of the absorbent for Ce(Ill) increases
from 5689.69 mg/g to 6320.60 mg/g, and for La(Ill), it increases from 2123.50 mg/g to
2953.45 mg/g. The adsorption capacity increases with an increase in temperature.



Separations 2024, 11, 333

10 of 19

The thermodynamic parameters for the adsorption of Ce(Ill) and La(Ill) by the ab-
sorbent, such as entropy change (AS"), enthalpy change (AH'), and Gibbs free energy
change (AG?), were calculated, and the results are shown in Table S7. The equations for the
calculation are as follows:

AG? = —RTInKp (4)
ASY  AHO
K =R " ®r ©)

where AGY is the standard Gibbs free energy of adsorption (k]-mol~?), R is the gas con-
stant (8.314 J-mol~1-K™1), T is the adsorption temperature (K), Kp is the thermodynamic
equilibrium constant determined by plotting In(qe/Ce) against qe (Figure 5b), AS? is the
adsorption entropy change (J-mol~1-K~1), and AH? is the adsorption enthalpy change
(KJ-mol~1). AS? and AH were determined by plotting InKp against 1/T and obtaining the
slope and intercept, respectively (Figure 5c).

According to the calculation results, negative values of AG’ indicate that the ad-
sorption of Ce(Ill) and La(Ill) is feasible and spontaneous. Additionally, the increasing
magnitude of the negative AG? values with increasing temperature suggests that higher
temperatures favor the adsorption of Ce(Ill) and La(Il), mainly because the mobility of
Ce(III) and La(III) increases with increasing temperature [59]. Furthermore, positive values
of AH" and AS? indicate a decrease in the degree of freedom of the system during the ad-
sorption process, suggesting a heat-absorbing and disorder-increasing adsorption process
at the solid-solution interface [60].

3.5. Influence of Environmental Factors

HSC Chemistry (Ver.6.0) was used to simulate the potential and pH diagrams for
Ce(III) and La(Ill) in the HyO system (Figure 6). It was used to predict the stable forms and
conditions of certain elements in aqueous solutions at specific potentials and pH values.
The region between the oxygen line and the hydrogen lines represents the stability zone
of HyO. As shown in Figure 6a, the stable forms of Ce in the aqueous system are Ce(IlI),
CeO", and CeOs,. Reactions (a), (b), and (c) correspond to Equations (6)—(8), respectively.
As shown in Figure 6b, the stable forms of La in the aqueous system are La(III), LaO", and
La(OH);. Reactions (d) and (e) correspond to Equations (9) and (10), respectively, with
these reactions being pH-dependent and independent of the electrode potential.

Ce®T + HyO — CeOT +2HT (6)
Ce3t 4+ 2H,0 — CeOp +4HT + e~ )
CeO" + H,O — CeO, +2H' + e~ (8)

La*T + H,O — LaO" +2H* 9)

LaO" + OH™ +H,0 — La(OH), (10)

Figure 7a illustrates the influence of pH on the removal efficiency of Ce(Ill) and La(III)
by the HOM-m MgFe,O4/MgO. Within the pH range of 3 to 4, the adsorption rate of La(III)
by HOM-m MgFe,O,/MgO is low and increases with pH, stabilizing in the pH range of
5to 9. The removal trend of Ce(Ill) is similar to that of La(III), with poor removal efficiency
at pH = 3 and an increase followed by stabilization within the pH range of 4 to 9. This
phenomenon arises from the competition between H* and rare earth cations for adsorption
sites at low pH, where H* occupies the active sites of the adsorbent, leading to a lower
removal efficiency. As the pH increases, the -OH groups on MgFe,O4 and MgO ionize
to -O~, creating sufficient active sites that attract rare earth cations [61]. When pH > 7,
rare earth cations gradually precipitate in the form of oxides and hydroxides, resulting in
an insignificant removal efficiency. Additionally, the graph indicates a weaker pH effect
on Ce(Ill) in low-pH environments, suggesting that HOM-m MgFe,;O4/MgO exhibits
strong resistance to pH interference during the adsorption process of Ce(Ill). The different
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adsorption capacities of Ce(Ill) and La(Ill) may be attributed to variations in their affinities
for HOM-m MgFe;O4/MgO.
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Figure 6. The relationship between the potential and pH of Ce(Ill) (a) and La(IIl) (b) in the
H,O system.
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Figure 7. The relationship between the removal rate of Ce(IlI) and La(Il) and pH (a), dosage (b), and
the concentrations of coexisting ions (c).

At an initial pH of 5-9, the pH values at equilibrium for Ce(IlI) and La(III) adsorp-
tion are approximately 10-11 and 9-10, respectively. The pH variation was mainly due
to the reaction of MgO on the surface of MgFe,O,/MgO with H in the solution (Equa-
tion (11)). Simultaneously, free Ce(IIl) and La(IIl) underwent hydrolysis to generate H*
(Equations (6) and (9)), and free Ce(III) and La(III) were adsorbed on the MgFe,O4/MgO
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surface through ion exchange with Mg(Il) (Equations (12)—(15)). During the removal of
Ce(III) and La(IIl), the equilibrium pH increased compared to the initial pH because of the
decrease in H* production and the increase in H* consumption.

MgO +2H' — Mg*™ 4+ H,O (11)

Ce*t + MgO — CeOt + Mg?t (12)

La®t + MgO — LaO* + Mg?*+ (13)

4Ce%T 4 6MgO + Oy — 4Ce0; + 6Mg> " (14)
2La%" + 3MgO + 3H,0 — 2La(OH), + 3Mg>* (15)

In the pH range of 5-7, the removal of Ce(IlI) and La(IlI) approaches 100%. Therefore,
a pH of 5-7 was selected as the optimal adsorption environment. To eliminate interference
from other ion forms of complexes and precipitates on the solubility of heavy metal ions and
to ensure that rare earth ions play a primary role in the adsorption process, pH = 5-7 was
chosen as the optimal pH for solutions containing Ce(IlI) and La(IIl). The pH values of the
newly prepared Ce(III) and La(Ill) solutions were 5.83 and 5.58, respectively, requiring no
pH adjustment and being able to be directly used for adsorption studies.

The influence of dosage on the removal efficiencies of Ce(IlI) and La(IIl) is depicted
in Figure 7b. As the adsorbent dosage was increased, MgFe,O4/MgO provided more
active sites, leading to an increase in the removal efficiency of Ce(IIl) and La(IIl). Beyond
a dosage of 0.5 g/L, the growth rate of the removal efficiency for Ce(Ill) and La(Ill) by
MgFe;O4/MgO gradually slowed, and the unit mass adsorption decreased. This phe-
nomenon is attributed to the decreasing concentrations of Ce(Ill) and La(IIl) in the solution,
resulting in a reduction in the adsorption driving force. Despite an increase in the number
of active sites, equilibrium was eventually reached. Therefore, the optimum adsorbent
dosage is determined to be 0.5 g/L for subsequent applications.

The effect of coexisting ion (NH4*, Mg2+, Ca?*, AI3*, Fe3*) concentrations on the re-
moval efficiency of Ce(IlI) and La(Ill) by HOM-m MgFe,O4/MgO is presented in Figure 7c.
Owing to the significant production of ammonia—nitrogen in wastewater during rare earth
resource extraction, it is essential to investigate the effect of ammonia—nitrogen concen-
tration on the adsorption of Ce(IlI) and La(Ill). According to the experimental results, the
adsorption of Ce(Ill) and La(III) is almost unaffected by NH4*, possibly because mono-
valent ions have a lower charge density, making them interact more strongly with H,O
than solid adsorbents [62]. Therefore, HOM-m MgFe,O,/MgO can be employed for the
removal of Ce(Ill) and La(IIl) in ammonia-nitrogen environments. The influence of diva-
lent ions (Ca?* and Mg?*) on the adsorption of Ce(IlI) and La(IIl) was smaller than that
of trivalent ions (AI** and Fe®"), indicating that trivalent ions were more competitive in
the adsorption process of Ce(Ill) and La(Ill). This phenomenon is attributed to the higher
affinity of trivalent ions compared to divalent ions for adsorption sites during the process
of MgFe,O4/MgO adsorbing Ce(Ill) and La(III) [63].

3.6. Adsorption Mechanism Analysis

XPS was employed to examine the samples before and after the adsorption of Ce(III)
and La(Ill), and the results are depicted in Figure 8. Figure 8a presents the full XPS spectrum
of HOM-m MgFe,O4/MgO before and after adsorption, revealing that the Ce3d and La3d
peaks increase after adsorption compared to the pre-adsorption state. The elemental
composition changes on the surface of the adsorbent before and after the adsorption of
Ce(Ill) and La(IIl) were analyzed using XPS survey spectra, as detailed in Table S8. After
the adsorption of Ce(IIl) and La(IIl), the proportion of Mg notably decreased, while the
variation in the proportion of Fe was minor. Conversely, the proportions of Ce and La
increased, indicating successful adsorption of Ce and La onto the adsorbent.
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Figure 8. Full spectrum of XPS (a), Ols (b), Ce3d (c), and f La3d (d) of the adsorbent before and after
adsorption of Ce(Ill) and La(III).

Figure 8c depicts the peak fitting of Ce3d, revealing two distinct spin-orbit split peaks
at 882.93 eV and 901.22 eV corresponding to Ce 3d5/2 and Ce 3d3/2, respectively, with
882.93 eV attributed to Ce-O, indicating the formation of cerium-containing compounds [64].
Each spin—orbit split peak further split into three multiple splitting peaks, totaling six
visible peaks. Notably, the clear splitting peak at 916.98 eV suggests that the oxidation
state of Ce is +4. Figure 8d shows the peak fitting of La3d, with two separated spin-
orbit split peaks at 835.38 eV and 852.28 eV. These correspond to La 3d5/2 and La 3d3/2,
respectively, with 835.38 eV attributed to La-O, indicating the formation of lanthanum-
containing compounds [65]. Each spin—-orbit split peak further split into two multiple
splitting peaks, totaling four visible peaks. The energy difference (AE) between the multiple
splitting peaks for La 3d5/2 is 3.9 eV, suggesting that the compound is La(OH)3.

Figure 8b presents the Ols peak fitting of HOM-m MgFe,O4/MgO before and after
the adsorption of Ce(Ill) and La(Ill). Before adsorption, Ols can be divided into three
peaks at 530.26 eV, 532.00 eV, and 533.85 eV, representing lattice oxygen (Mg-O, Fe-O),
surface-adsorbed -OH (Mg-OH), and adsorbed water (H,O), respectively [66,67]. After
La(III) adsorption, the lattice oxygen content on the surface of the adsorbent decreased from
45.55% to 32.19%, indicating a reduction in Mg-O. The adsorbed oxygen content increased
from 41.10% to 45.97%, reflecting an increase in Mg-OH and La-OH. This was attributed to
the hydrolysis of MgO and ion exchange with La(IIl) to form La(OH)3, indicating a chemical
adsorption process. Following the adsorption of Ce(IlI), the lattice oxygen content on the
surface of the adsorbent decreased from 45.55% to 38.00%, indicating a reduction in Mg-O.
The adsorbed oxygen content increased from 41.10% to 45.45%, indicating an increase in Mg-
OH. However, compared with the adsorption results for La(IIl), the transformation from
lattice oxygen to adsorbed oxygen was relatively less pronounced after the adsorption of
Ce(III). This is due to the redox reaction between MgO and Ce(IIl) ions, ultimately forming
CeO,, which belongs to lattice oxygen. This adsorption process was also characterized by
chemical adsorption.
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3.7. DFT Calculation for Adsorption Mechanism

To further explore the adsorption mechanisms of MgFe,O4/MgO for Ce(Ill) and
La(IIl), density functional theory (DFT) calculations were employed to provide electronic-
level evidence. Based on batch experiments and characterization results, MgFe,O4/MgO
played a crucial role in the adsorption of Ce(IIl) and La(Ill). Therefore, calculations were
conducted by constructing MgFe,O,/MgO heterostructures (Figure 9¢) and optimizing
their initial configurations (Figure 9d). Because the adsorption process occurs in aqueous
solutions, MgO surface hydrolysis leads to partial oxygen atom hydroxylation, resulting in
the incorporation of a small number of hydroxyl groups in the structure. Figure 9e,f depicts
the structural diagrams of MgFe,04/MgO adsorbing Ce(III) and La(III), respectively. Both
Ce(III) and La(III) are positioned above the O atoms after adsorption, indicating the lowest
energy and most stable structure. This was attributed to the low cooperative interaction
between the La(IlI) /Ce(Ill) and Mg sites.

OMg ®0 CH ©OFe CcCe OLa
(c) (d) (e) ()

Spespes
pe- 04>

Figure 9. MgO (a), MgFe;O4 (b) and MgFe,O4/MgO (c) before structural optimization;
MgFe,04/MgO after structural optimization (d); adsorption of Ce(Ill) (e) and La(Ill) (f) by
MgFe,O4/MgO; differential charge density maps of Ce(Ill) (g,h) and La(Ill) (i,j) adsorbed by
MgFe,O4/MgO.

Calculating the adsorption energy and ion bond lengths for MgFe,O4/MgO adsorbing
Ce(III) and La(III) allows the analysis of the binding capabilities between the adsorbent and
rare earth ions. The calculations revealed that the adsorption energy of MgFe,O,/MgO for
Ce(IlI) (Eads = —0.92 eV) is lower than that of La(Ill) (Eads = —0.80 eV). Additionally, the Ce-
Obond length (2.322 A) is shorter than the La-O bond length (2.805 A), indicating a stronger
interaction between Ce(IlI) and MgFe;O4/MgO compared with La(IlI) [68,69]. Furthermore,
adsorption experiments also demonstrate that the maximum adsorption capacity for Ce(IlI)
(5689.69 mg/g) exceeds that for La(Ill) (2123.50 mg/g), indicating that Ce(III) is more easily
removed by MgFe,O4/MgO than La(Ill). Moreover, the adsorption energies are all less
than —0.5 eV, suggesting that the adsorption process is chemical adsorption.

Figure 9g—j illustrate the differential charge density plots for the adsorption config-
urations of Ce(Ill) and La(IIl). In these plots, red represents regions of increased charge,
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and blue indicates regions of decreased charge. It is evident from the figures that there
is charge accumulation between the adsorbed molecules and the surface in both ad-
sorption systems, confirming electronic transfer or sharing between Ce(Ill), La(III), and
MgFe;O4/MgO. In comparison to La(Ill), Ce(Ill) exhibits a more intense charge transfer
with MgFe,04/MgO, indicating a greater affinity between Ce(Ill) and MgFe,O4/MgO.
This is in line with the results of bond length calculations, adsorption energy computations,
and adsorption experiments.

To delve deeper into the interaction between La(III) /Ce(III) and MgFe,O,/MgO, the
partial densities of states (PDOSs) of Ce(III), La(IlI), O (oxygen atoms on MgFe,O4/MgO),
and Mg (magnesium atoms on MgFe,O4/MgO) are presented in Figure 10. The green
vertical dashed line represents orbital overlap, the black vertical dashed line denotes the
Fermi level, the dashed lines indicate pre-adsorption, and the solid lines represent post-
adsorption. After the adsorption of Ce(IlI) and La(Ill), the orbitals of the Mg and O atoms
to the left of the Fermi level transition to lower energy states, indicating an electron transfer
process during adsorption [70].
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Figure 10. (a) PDOS before and after Ce(III) adsorption by MgFe,O4/MgO; (b) enlarged PDOS before
and after Ce(IIl) adsorption by MgFe;O4/MgO; (c) PDOS before and after La(Ill) adsorption by
MgFe;O4/MgO; (d) enlarged PDOS before and after La(IlI) adsorption by MgFe,O4/MgO.

The PDOS analysis revealed that Mg p orbitals do not overlap with Ce and La s, p,
and d orbitals, suggesting that Mg p orbitals are not involved in the adsorption of Ce and
La. Figure 10a,b shows the overlap between the s and p orbitals of the O atoms and Ce s, p,
and d orbitals, as well as the overlap between the s orbital of the Mg atoms and the Ce s
orbital. This suggests orbital hybridization between MgFe;O4/MgO and Ce, with strong
charge transfer and chemical interactions between Ce and O/Mg atoms. Figure 10c,d
shows that the s and p orbitals of the O atoms overlap with the La s, p, and d orbitals,
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and the s orbital of the Mg atoms overlaps with the La s orbital. This indicates orbital
hybridization between MgFe,O4/MgO and La, accompanied by strong charge transfer and
chemical interactions between the La and O/Mg atoms [71]. This aligns with the previously
discussed adsorption mechanisms of MgFe,O,/MgO for Ce(Ill) and La(IIl). Furthermore,
a comparison of the adsorption results between Ce(Ill) /La(Ill) and MgFe;O4/MgO reveals
that the overlap between the Ce and MgFe,O4/MgO orbitals is greater than that between
the La and MgFe,O4/MgO orbitals. This indicates stronger orbital hybridization and
electron transfer between Ce and MgFe;O4/MgO compared to La and MgFe,O4/MgO.
Consequently, the adsorption capacity of MgFe,O,/MgO for Ce(Ill) is higher than that
for La(III).

3.8. Cycling Performance

Aside from possessing a high adsorption capacity, a good adsorbent should also exhibit
excellent regeneration and reusability. Using a 0.1 M HCl solution as the desorption solution
effectively extracted Ce and La from the HOM-m MgFe;O4/MgO. The recyclability of
HOM-m MgFe;O4/MgO was evaluated through three consecutive adsorption—desorption
cycles, as depicted in Figure S1. After three consecutive cycles, the removal efficiency of
HOM-m MgFe,O4/MgO for Ce(Ill) and La(Ill) decreased slightly but remained above
60%. This indicates that the prepared HOM-m MgFe,O4/MgO is an efficient and high-
performance recyclable adsorbent for Ce(III) and La(III).

4. Conclusions

In this study, a hierarchical or ordered magnetic MgFe,O,/MgO adsorbent with
macroporous and mesoporous structures was prepared using a template method for effi-
cient adsorption of Ce (III) and La (III). The maximum adsorption capacity of La (III) is
2123.50 mg/g, and that of Ce (III) is 5689.69 mg/g. Within a wide pH range of 5-9, the
adsorbent exhibits higher adsorption capacity for La (III) and Ce (III). The adsorption of
Ce (III) and La (III) by HOM-m MgFe,04/MgO follows the Freundlich isothermal adsorp-
tion model and the pseudo-second-order kinetic model, manifesting as a non-uniform
multi-step adsorption process dominated by chemisorption. Moreover, the adsorption is
endothermic and spontaneous. DFT calculations indicate that the adsorption process is
driven by the interaction between Ce (III) and La (III) ions and oxygen atoms on the/MgO
surface. Among them, MgFe,O4/MgO has a higher affinity for Ce (III) than La (IIl) and a
stronger adsorption effect. Adsorbents exhibit superparamagnetism and can be efficiently
and quickly separated from aqueous solutions using magnets. After three consecutive ad-
sorption desorption processes, the adsorbent still maintains a good adsorption effect on La
(III) and Ce (III). HOM-m MgFe;O4/MgO has a high adsorption capacity, fast adsorption
rate, low recovery cost, and good cycling stability for Ce (III) and La (III). It is a promising
and efficient rare earth element capture agent, which is of great significance for the effective
management of water resources in rare earth mining areas.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/separations11120333/s1, Text S1. Preparation of polystyrene
colloidal crystal template; Text S2. Calculation methods for pore size, pore volume, and specific
surface area; Figure S1: The removal rate for La(IIl) and Ce(III) as a function of adsorption—-desorption
cycles; Table S1: Supplier, mass fraction purity, and CAS registry number of chemicals; Table S2:
Equations and parameters used in kinetics and isotherm models; Table S3: Pseudo-first-order kinetic
model correlation coefficients of the adsorption of Ce(IlI) and La(IIl) by HOM-m MgFe,O,/MgO;
Table S4: Pseudo-second-order kinetic model correlation coefficients of the adsorption of Ce(III) and
La(IlT) by HOM-m MgFe;O4/MgO; Table S5: Intra-particle diffusion model correlation coefficients
of the adsorption of Ce(III) and La(III) by HOM-m MgFe,O4/MgO; Table S6: Adsorption isotherm
parameters for Ce(Ill) and La(Ill) adsorption on HOM-m MgFe,O,/MgQO; Table S7: Thermodynamic
parameters for Ce(III) and La(III) removal by HOM-m MMgFe,O4/MgO; Table S8: The content
of XPS elements on the surface of the sample before and after the adsorption of Ce(III) and La(III)
by adsorbents.
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