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ARTICLE INFO ABSTRACT

Keywords: A core-shell structured Zn/La magnetic mesoporous silica (denoted as Zn/La-MMS) composite we successfully
Fu_nctionalized magnetic mesoporous constructed via etching and co-deposition techniques, achieving exceptionally efficient adsorption of phosphate.
microspheres At an optimized Zn/La ratio of 0.5 (i.e., Zn/La-0.5 MMS), the composite exhibited an ordered mesoporous
Phosphate . . . . . .

Adsorption structure and superior adsorption performance with a maximum phosphate adsorption capacity of 140.9 mg P/g

(15-fold higher than the pristine MMS). High adsorption performance was achieved across a broad pH range of 3
to 11 and in the presence of substantial amounts of co-existing ions/substances (Cl~, NO3, SO%’, HCO3, and
humic acid at concentrations 20-50 times that of the PO%’-P concentration). After five adsorption-regeneration
cycles, 79 % adsorption capacity remained with material recovery rates >95 % via magnetic separation. A
bimetallic synergistic mechanism was revealed via X-ray absorption fine-structure characterizations and density
functional theory (DFT) calculations. The electronegativity difference between La and Zn induces interfacial
electron redistribution, driving electron back-donation from the La/Zn-O hybridized orbitals to the O 2p anti-
bonding orbitals of HPO4*, forming stable covalent coordination bonds (La-O-P/Zn-O-P), which allowed the

Bimetallic synergetic effects, interfacial
electron redistribution
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exceptionally high and efficient adsorption of phosphate. This phenomenon is expected to have important im-
plications for the development of novel adsorption materials for advanced removal of phosphate.

1. Introduction

Phosphorus (P) plays an irreplaceable role in cellular energy transfer
and the synthesis of genetic materials (Elser, 2012; Yang et al., 2024).
However, its excessive discharge into water systems causes severe
eutrophication, even at trace concentrations (>0.01 mg P/L) (Li et al.,
2025a). Addressing this challenge requires advanced phosphate removal
technologies to meet the ultra-low effluent standards (<0.02 mg P/L).
Adsorption is a reliable and promising method for the selective removal
of pollutants such as phosphate at low concentrations (Altaf et al.,
2023).

The theoretical basis of phosphate adsorption lies in the electron
transfer mechanism dominated by Lewis’s acid-base interactions. As a
hard Lewis base, phosphate preferentially coordinates with hard acid
metal ions (Ca?*, La®>*, Zn?") through orbital hybridization to form
stable inner-sphere complexes (Beer and Gale, 2001), among which,
La®" exhibited exceptional affinity (pK,=26.16) by readily donating
electrons from its 4f orbitals to the non-bonding orbitals of phosphate
(Zhang et al., 2022). For example, the commercial adsorbent Phoslock®
(La®"-modified bentonite) has been widely applied in global water
ecological restoration projects (Spears et al., 2013). However, the high
cost of the rare earth metal La limited its larger-scale application. To
address this, researchers have developed bimetallic and polymetallic
materials by doping metals such as Ca, Mg, and Fe to reduce the use of
La. Examples include La-Ca modified bentonite-chitosan hydrogel beads
with a phosphate adsorption capacity of 123 mg P/g and La-Fe modified
sawdust biochar achieving nearly 100 % phosphate removal at PO} -P
concentrations <1.0 mg/L (W. Wang et al., 2024; Yi et al., 2024). Bi-
metals may modify the electronic structure of the adsorbent, enhance
interactions with target ions, and reduce adsorption barriers, thus
increasing adsorption capacity and stability (Kong et al., 2024).
Whereas, the governing mechanisms are largely unclear in details,
limiting the advanced development of bimetallic adsorption materials.

The adsorption of oxyanions is primarily regulated by the orbital
interactions between the adsorbate and the metal-oxygen (M-O) sites on
the material surface. Enhancing the interfacial electronic cloud density
via introducing highly electron-donating elements would potentially
enhance the covalency of M-O bonds, thus their interaction with ad-
sorbates. Recently, studies in the area of electrocatalytic water splitting
showed that combining 3d metal hydroxides (e.g., NiFe-LDH) with 5d
high-valence metals (e.g., W, Cr) can trigger significant 3d-2p-5d orbital
hybridization effects, thereby optimizing interfacial charge transfer ki-
netics and reducing reaction energy barriers (He et al., 2021; Wu et al.,
2020; Yang et al., 2018), benefiting the adsorption of intermediates.
Notably, however, these studies focused on modulating the adsorption
of hydroxyl-oxygen intermediates (e.g., *OOH, *OH) during the oxygen
evolution reaction (OER)(Zhai et al., 2021). In contrast, this study em-
ploys analogous orbital hybridization mechanisms to enhance the se-
lective capture capability of phosphate in aquatic systems.

Previous studies on bimetallic systems (e.g., La/Fe and La/Zr)
showed that for La/Fe (hydr) oxides the oxidation-state shift of Fe were
arose solely from Fe-O-P bond formation (Chen et al., 2023; Cui et al.,
2023; Sun et al., 2022). Conversely, Kong et al. observed positive shifts
of both La 3d and Zr 3d after phosphate adsorption, implying possible La
— Zr electron transfer and redistribution, a phenomenon deserves
further investigation and understand. Nevertheless, the La/Zr system
showed an PO3~-P adsorption capacity of 116.2 mg/g which reduced by
25 % after four cycles (Yu et al., 2025), showing rooms for further im-
provements. In view of its lower electronegativity, Lewis acidity, fixed
valence and potential economic advantage, we hypothesize that Zn
might be a better company metal with La to form a novel bimetallic

system.

The d-orbital hybridization between Zn?t (with filled 3d'° orbitals)
and La®t (with vacant 5d° orbitals) would facilitate the formation of
highly covalent M-O bonds, which are expected to significantly improve
the redistribution of charge density at the interface, thereby enhancing
the electron-capturing ability for oxygen atoms in PO3 . This charge
transfer mechanism may be further amplified by the electron-donating
nature of Zn?*, which would induce a redistribution of local charge
density around La>" sites, effectively activating adjacent lattice oxygen
species and optimizing their reactivity. Meanwhile, the hard Lewis acid
character of La®>" drives preferential coordination with the lone-pair
electrons of phosphate oxygen atoms, while Zn?* acts as an auxiliary
site to modulate the electron-accepting capacity of La>* through acid-
base synergistic effects. The adsorption performance of phosphate can
be significantly enhanced through a multi-mechanistic coupling process
based on electronic and coordination chemistry.

Additionally, despite the surge of bimetallic phosphate adsorbents in
recent years (Table S1, Fig. S1), it remains challenging to simultaneously
fulfill the following criteria—high capacity, wide pH tolerance, high
regeneration retention—within a single material. Systems such as
La;Al3-BTC, Ce/FcDA/FA-MOF, and MZLCO-45 exhibited appreciable
adsorption capacities, yet suffered a 25-49 % capacity loss after 4-5
regeneration cycles (Zhu et al., 2024a; Gao et al., 2024; Liu et al., 2022).
Novel material needs to be developed to fulfill the combined re-
quirements for applications.

To verify the hypothesis of electron transfer and overcome the
application bottleneck of traditional lanthanum-based and/or bimetallic
materials, we designed a novel core-shell structured magnetic meso-
porous silica Zn/La bimetallic composite (Zn/La-MMS). This material
achieved performance breakthroughs through a triple-synergistic
mechanism: 1) Zn** modulates the electronic structure of La®t
through d-orbital coupling, with density functional theory (DFT)
calculation confirming its enhanced electron-accepting ability; 2) The
Fe304@SiO; core-shell structure enables magnetic separation while the
silica matrix suppresses iron leaching; 3) Mesoporous channels maxi-
mize the accessibility of active sites.

The resultant adsorbent exhibited not only a significantly higher
phosphate adsorption capacity but also a wider applicable pH range (3
to 11). The effects of solution pH and coexisting ions on phosphate
adsorption performance were systematically examined. Promising
reusability of the material was demonstrated via repetitive adsorption-
regeneration tests. The phosphate adsorption mechanisms were
further elucidated via comprehensive characterization of the adsor-
bent’s structure, surface morphology, specific surface area (BET), pore
size distribution, zeta potential, surface functional groups (XPS/FTIR),
crystal structure (XRD), and synchrotron-based X-ray absorption spec-
troscopy (XAS), combined with density functional theory (DFT) calcu-
lations and Bader charge analysis. The results reported in this study are
expected to benefit the development of highly effective, readily recov-
erable, and reusable adsorbents for efficient and reliable removal of
phosphate from water and wastewaters.

2. Material and methods
2.1. Chemicals

All chemicals utilized in this study were of analytical grade. Deion-
ized water (DI) (18.2MQ) was used to prepare all reagents. More details
are provided in the Supplementary Material Text S1. Phosphate stock
solution was prepared by dissolving 2.197 g of KHaPO4 (>99 %) in 1000
mL of ultrapure water and stored at 4 °C before use. 0.1 M HCl and
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NaOH solutions were used for solution pH adjustments.
2.2. Synthesis of materials

A detailed description of the procedures used to prepare the pure
Fe30y4, the Fe304@Si0,, and the Fe304@SiO,@mSiO, (abbreviated as
MMS) can be found in the Supplementary Material Text S2. The protocol
for the synthesis of Zn/La doped Fe304@SiO2@mSiO, composites are as
follows: A mixture of 0.2 g of MMS, ZnCly, and La(NO3)3-6H20 each was
uniformly mixed using sonication in a solvent mixture consisting of 40
mL of ethanol and 40 mL of DI water for 30 min. Subsequently, the
mixture was stirred at 25 °C and 300 rpm. 0.1 M NaOH was gradually
added to the mixture until the pH reached 10+0.5. The resultant sus-
pension was then stirred at 25 °C for 4 h (Chen et al., 2019a). The final
products were collected via magnetic separation, washed alternately
with deionized water and ethanol several times, and dried under vac-
uum overnight to obtain the Zn/La-MMS composites.

In this study, three Zn?*/La%t molar ratios (i.e., 1:1, 1:2, and 2:1)
were investigated. The resulting composites were denoted as Zn/La-x
MMS, where “x” represented the molar ratio of Zn?* to La®* (i.e., Zn/
La-1, Zn/La-0.5, and Zn/La-2 MMS).

2.3. Characterization

The microstructural morphology and surface elemental distribution
of the Zn/La-MMS composites were characterized by scanning electron
microscopy (SEM) coupled with energy-dispersive X-ray spectroscopy
(EDS). The internal structure and particle size were analyzed using
transmission electron microscopy (TEM). X-ray diffraction (XRD) was
employed to identify the primary crystalline phases and lattice param-
eters of Zn/La- MMS composites. Synchrotron X-ray absorption spec-
troscopy (XAS) was further employed to resolve the local coordination
environments and electronic structures of Zn and La. Surface elemental
composition and the evolution of binding states of specific elements
before and after phosphate adsorption were investigated via X-ray
photoelectron spectroscopy (XPS). Fourier-transform infrared spectros-
copy (FTIR) was utilized to monitor changes in surface functional groups
during the adsorption process. The specific surface area, pore volume,
and pore size distribution were determined via nitrogen adsorption-
desorption isotherms and calculated based on the Brunauer-Emmett-
Teller (BET) model. The magnetization of the samples was measured
using a Vibrating Sample Magnetometer (VSM). The electrostatic
interaction mechanism (attraction or repulsion) between the material
and phosphate was evaluated by measuring the point of zero charge
(PZC) through zeta potential analysis before and after adsorption. To
assess material stability under varying pH conditions, the leaching
concentrations of metal elements were quantified by inductively
coupled plasma optical emission spectrometry (ICP-OES). More details
of the methods are described in the Supplementary Material Text S3.

2.4. Batch adsorption experiments

To investigate the maximum adsorption capacity and adsorption
characteristics of Zn/La-x MMS composite materials, adsorption
isotherm experiments were conducted. Phosphate solutions with initial
PO3-P concentrations ranging from 3 to 30 mg/L were prepared, and
the pH was adjusted to 6.5 (within the typical pH range (6-8) for
application, a slightly acidic environment was favorable for adsorption
by using the material developed in this study). 10 mg of adsorbent was
introduced into a 50 mL phosphate solution. The experiments were
carried out at three different temperatures (25, 35, and 45 °C) on a
magnetic stirrer at 260 rpm. Samples were collected at 0 min and 24 h,
filtered through a 0.22 pm cellulose membrane filter. The remaining
PO3-P in the solution was determined using a UV-visible spectropho-
tometer (UV-6300, Shanghai Jinpeng Analytical Instruments Co., Ltd.).
Each sample was measured three times. The detailed calculations for
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adsorption capacity and removal efficiency can be found in the Sup-
plementary Material Text S4. Adsorption kinetics, pH, and co-existing
ions effect experiments were performed following the protocol, with
the difference in the kinetics experiment being conducted at a constant
temperature of 25 °C. Samples were taken at various time intervals (2, 5,
10, 15, 20, 30, 40, 60, 120, and 240 min) for PO?(—P concentration
measurement. The pH effect experiment was carried out at pH values of
3,5, 7,9, and 11, respectively. In the co-existing ions experiment,
different concentrations (200, 500, and 1000 mg/L) of SO?{, Cl, NOg3,
and HCO3 as well as natural organic matter humic acid (HA), were
introduced into the phosphate solution to test their effects on phosphate
adsorption. Supplementary information Text S4 provided a detailed
description of the adsorption isotherm and adsorption kinetics fitting
models.

2.5. Desorption of phosphate and regeneration of adsorbent

To verify the reusability of the Zn/La MMS composite, different
concentrations of NaOH solution were used to regenerate the Zn/La
MMS after adsorption. The initial PO3 -P concentration was 50 mg/L,
and the dosage of the adsorbent was 0.5 g/L. Both the adsorption and
regeneration/desorption times were 12 h. After optimization, a 1 M
NaOH solution was chosen as the regeneration solution. After the first
round of phosphate adsorption, the Zn/La MMS composite material was
separated using an external magnetic field, washed several times with
pure water, and air-dried. The volume of the regeneration solution was
determined based on a mass/volume ratio of 1 g/L. Desorption was
carried out at 25 °C and 260 rpm. To evaluate the reusability of the used
adsorbent, a total of five consecutive cycles of adsorption and regener-
ation were conducted. The regeneration efficiency was assessed by
measuring the recovery of phosphate adsorption capacity after
regeneration.

2.6. Application in real wastewater

To explore the potential of Zn/La MMS composites in real water and
wastewater treatment, three different types of water sources (tap water,
landscape lake water, and secondary effluent from a wastewater treat-
ment plant) were tested. Tap water was sourced from the laboratory’s
water supply system. Landscape lake water was collected in the campus
of the South China University of Technology in Guangzhou. The sec-
ondary effluent was obtained from the end of an aerobic treatment tank
of a wastewater treatment plant in Guangzhou. After filtering via 0.22
um cellulose filters, the PO; ™ -P concentration was uniformly adjusted to
3.0 mg/L. Zn/La MMS composites were dosed at 0.2 g/L. Water samples
were collected at fixed time intervals for the measurement of PO3 -P
concentrations. Besides, 2 L of water was collected from a typical
eutrophic water body in South China, immediately filtered through a
0.22 ym membrane, and stored at 4 °C. Zn/La-0.5 MMS (0.1 g) was
added, and the suspension was shaken at 150 rpm and 25 °C for 6 h.

In addition, column experiments were conducted. 2 g of vacuum-
dried Zn/La-MMS were packed into a 10 mm x 200 mm glass column
(the bed height was 25 mm; the empty-bed volume was 2.0 mL). Porous
baffle at both ends prevented material loss. The column was operated in
up-flow mode at 25 °C using a peristaltic pump (Longer BT100-1 L). The
superficial velocity was 2.5 m/h, resulting in an EBCT of 5 min. The
influent PO3™-P concentration was 0.083 mg/L. Every 20 mL of effluent
was filtered (0.45 pm) and analyzed for PO%’-P, Zn and La
concentration.

To evaluate the mechanical stability of Zn/La-MMS under hydraulic
shear, a laboratory-scale wet-abrasion test was conducted. 200.0 £+ 0.5
mg sample, which was dried at 60 °C for 12 h under vacuum, was placed
on a magnetic stirrer with 200 mL de-ionized water (25 °C, pH=7.0 +
0.2),resulting in a solid/liquid ratio of 1 g/L. A magnetic stirrer plate
provided uniform shear at 600 rpm for 2 h. Immediately after shearing,
the suspension was filtered through a 0.45 pm membrane and rinsed
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with 50 mL deionized water to remove loosely attached fines. The
retained cake was vacuum-dried at 60 °C to constant mass. The mass loss
was calculated using Eq. (1):

my —m

Mass loss(wt%) = x 100% @

mo

Where my is the initial dry mass and m, is the dry mass after shearing.
2.7. DFT calculation

In this study, first-principles calculations based on density functional
theory (DFT) were performed using the Vienna Ab-initio Simulation
Package (VASP) to explore the adsorption mechanisms of the materials
(Kresse and Furthmiiller, 1996; Surendranath et al., 2010). The projec-
tor augmented wave (PAW) pseudopotential was employed to describe
the interactions between the ionic cores and valence electrons. The
Perdew-Burke-Ernzerhof (PBE) functional was used to treat the
exchange-correlation energy (Perdew et al., 1996). During the structural
optimization, the cutoff energy of the plane-wave basis set was 450 eV.
The energy convergence threshold for electronic self-consistent itera-
tions was 107 eV. The atomic positions were fully relaxed using the
conjugate gradient algorithm until the residual forces on all atoms were
<0.02 eV-A~.

The adsorption energy (Ead) of phosphate was calculated using Eq.
(2):

(2)

Where Eguf/anion is the total energy of the complex after adsorption;
Eg,y is the ground-state energy (0 K) of the adsorbent; Egyonis the ground-
state energy of phosphate.

The electron density distribution obtained from DFT calculations was
partitioned and assigned to individual atoms (Sanville et al., 2007). By
comparing the charge variations before and after adsorption, the charge
transfer between the surface and the adsorbate was elucidated. A
negative net charge on an atomic site indicates that the atom acts as an
electron acceptor during the adsorption process.

In addition, Bader charge analysis was employed to quantitatively
characterize the charge distribution between the adsorbate (phosphate)
and the adsorbent surface, quantifying the electron transfer accompa-
nying coordination-bond formation and providing quantitative evi-
dences for the hypothesis of d-n* back-donation from the La/Zn
d orbitals to the O 2p* antibonding orbitals.

Ead = Exwf/anion - Exwf - Eanion

CTAB

Fe;0,@Si0, Fe,0,@Si0, @mSiO,/CTAB

®Fe,0, ©SiO,

NH N03
Self assembly Etch

® mSio,
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3. Results and discussion
3.1. Characterization of zn/la MMS composites

3.1.1. SEM

The preparation procedure of the Zn/La-x MMS composites was
illustrated in Fig. 1a. Fig. 1b and 1c showed the SEM images of the MMS
and Zn/La-x MMS, respectively. Fig. 1d was the TEM image of the MMS.
The MMS sample had a smooth spherical shape with open pores (ranging
from 300 to 350 nm) on its surface. After loading with metal (Zn and La)
hydroxides, the shape of the MMS remained unchanged, with increased
particle size and good dispersibility. However, the surface of the spheres
became rougher, and the open pore channels became no longer
distinctly visible on the surface (Fig. 1c). Fig. 1d illustrated the ferric
tetroxide particles, which were spherical particles sized between 200
and 300 nm, encapsulated with a layer of silicon dioxide shell to form
the Fe304@SiO5 structure, with the shell being about 20-25 nm thick to
prevent the oxidation of FegO4. Outside this protective layer, an addi-
tional layer of dendritic mesoporous silicon dioxide (Fe3O4@-
Si0,@mSiO3) was coated, which was about 25-30 nm thick, designed to
increase the specific surface area of the adsorbent and provide a meso-
porous structure to accommodate metal hydroxides.

3.1.2. BET

Table S2 displayed the specific surface area (Sggr), pore volume, and
average pore size of all samples. The N3 adsorption-desorption
isothermal curves and pore size distribution curves of MMS and Zn/
La-x MMS were shown in Fig. 2. MMS showed a type-IV isothermal
curve. After Zn and La loading, the type of the curve was unchanged,
indicating the retention of mesoporous structures. As shown in Table S2,
the pristine MMS exhibited a high specific surface area and pore volume
(332.70 m2/g and 0.78 cm>/g, respectively). However, these values
decreased significantly in all Zn/La-x MMS composites, with the extent
of reduction depending on the Zn/La ratio. The decrease was much more
pronounced with the increase in Zn contents, attributing to the forma-
tion of Zn(OH),/La(OH)3 during metal loading. However, the average
pore size of Zn/La-x MMS increased compared to MMS. The pore size
distribution of Zn/La-x MMS displayed spikes centered between 10-15
and 50-70 nm, suggesting that the ordered mesoporous structure was
maintained after Zn/La loading. The spikes at 50-70 nm may be due to
the filling of internal voids and the formation of macropores by Zn
(OH)y/La (OH)3 stacking on the SiO, mesoporous shell.

3.1.3. Vibrating sample magnetometer (VSM) analysis
The magnetic properties of Fes04, MMS, and Zn/La-0.5 MMS were
characterized at room temperature using a vibrating sample

EtOH a(NO3)3 ZnCl,

Co-precipitation

Fe;0,@Si0, @mSiO,(MMS)  Zn/La-x MMS

La(OH),/Zn(OH),

Fig. 1. (a) Preparation of Zn/La-loaded Fe304@SiO>,@mSiO»(Zn/La-x MMS); SEM images of (b) MMS and (c) Zn/La-x MMS; (d) TEM images of MMS and (e)

elemental mapping images of Zn/La-x MMS.



F. He et al.

—_—
Y
e

L ——MMS
—4—Zn/La-0.5 MMS

Zn/La-1 MMS
—4—Zn/La-2 MMS

n
[
=}

F'S
S
S

Quantity absorbed(cm®-g™)

0.0 0.2 0.4 0.6 0.8 1.0
Relative pressure(P/P,)

Water Research 288 (2026) 124753

—=— MMS
—e—2Zn/La-0.5 MMS

04 ZniLa-1 MMS
20 —v— Zn/La-2 MMS
50.3

a

o0

T0.2

2

.
=

e
o

1 10 100
Pore diameter(nm)

Fig. 2. (a) N5 adsorption-desorption isotherm curves, (b) pore size distribution curves.

magnetometer (VSM) (Fig. S2). Results show that both materials exhibit
superparamagnetic behavior. The saturation magnetization (Ms) of
MMS is as high as 60.5 emu/g. Although the Ms values of MMS and Zn/
La-0.5 MMS, after being coated with SiO2/mSiO; shells, are reduced to
3.03 and 2.69 emu/g, respectively, due to the magnetic core shielding
effect, rapid solid-liquid separation was still effectively achieved
through an external magnetic field (Fig.S2), confirming its operability in
practical applications.

3.2. Adsorption performance

3.2.1. Adsorption kinetics

The adsorption kinetics of Zn/La-x MMS composites were investi-
gated at a dosage of 0.2 g/L and an initial PO3 -P concentration of 10
mg/L at a pH value of 6.5. The results were depicted in Fig. 3a-c. The
adsorption rate of the Zn/La-x MMS composites surged within the first
20 min. This rapid adsorption was attributed to the large specific surface
area and pore size structure, which facilitated the rapid diffusion of
POy~ into the Zn/La-x MMS composites and their interaction with the
active sites. Subsequently, equilibrium was reached. To further elucidate
the adsorption mechanisms of Zn/La-x MMS, the experimental data
were fitted to pseudo-first-order (Yuh-Shan, 2004), pseudo-second-order
(Ho, 2006), and intra-particle diffusion models (Furusawa and Smith,

1974). The fitting results and parameters were presented in Fig. 3a-c and
Table S3. Notably, the correlation coefficients obtained from the
pseudo-second-order fitting for Zn/La-0.5 MMS, Zn/La-1 MMS, and
Zn/La-2 MMS were 0.997, 0.998, and 0.998, respectively, which were
superior to those obtained from the pseudo-first-order kinetic model
(0.993, 0.996, and 0.997, respectively). These findings suggested that
the phosphate adsorption behavior of Zn/La-x MMS was more consistent
with the pseudo-second-order kinetic model, implying that the adsorp-
tion was primarily governed by chemisorption, involving the sharing
and/or transferring of electrons (Chang et al., 2021). While the
pseudo-second-order kinetic model effectively characterized phosphate
adsorption, the diffusion mechanism required further elucidation
through the application of an intra-particle diffusion model. Therefore,
experiments were conducted at different PO3-P concentrations (10, 20
and 30 mg/L). The adsorption process may be divided into three stages,
indicating the influences of multiple steps. The relevant parameters and
R? values for the intra-particle diffusion model fit were summarized in
the Table S4. The first stage (0—30 min) corresponded to liquid mem-
brane diffusion, primarily involving the transport of phosphate from the
solution to the adsorbent surface. The steep slopes during this stage
suggested that the process was driven by the high initial phosphate
concentration. The second stage (30~100 min) represented intra-particle
diffusion, where phosphate was transported from the adsorbent surface
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to its internal pore structure. The third stage (100-360 min) corre-
sponded to the equilibrium phase, characterized by a smaller slope due
to the decreased phosphate concentration in the solution and the slowed
intra-particle diffusion rate. Notably, none of the linear segments passed
through the origin, indicating that although intra-particle diffusion
influenced the phosphate adsorption behavior and rate of Zn/La-x MMS,
it was not the dominant process (Zhang et al., 2022).

3.2.2. Adsorption isotherms

Isothermal adsorption experiments were carried out to investigate
the type of adsorption and the maximum adsorption capacity of Zn/La-x
MMS. Adsorption results were collected within an initial PO3~-P con-
centrations range of 3-30 mg/L. The data were fitted using Langmuir
and Freundlich models. As shown in Fig. 3d-e, the adsorption capacity
increased with increased equilibrium concentrations. The adsorption
capacity of MMS was 9.44 mg P/g, which for Zn/La alone was 94.42 and
73.18 mg P/g, respectively, attributing to the fact that the K, of
Zng(PO4)2 was higher than LaPO4. The adsorption capacity of Zn/La-x
MMS was the highest as compared to Zn/La and MMS alone. Table S5
lists the results of the parameters derived from Langmuir and Freundlich
model fitting. Langmuir was able to better fit the experimental data (R?
> 0.97), indicating that the adsorption of phosphate by Zn/La-x MMS
was dominated by a monolayer homogeneous adsorption. The
maximum adsorption capacities for Zn/La-1 MMS, Zn/La-0.5 MMS, and
Zn/La-2 MMS were 11.36, 140.91, and 128.72 mg P/g, respectively,
which were significantly higher than those of previously reported
similar adsorbents (Table S6).

The molar ratio of phosphorus to total metals (Zn+La), denoted as P/
M, is frequently employed to indicate the utilization efficiency of active
sites in metal-based adsorbents (Zhang et al., 2017). Literature results
showed that the P/M values of La-containing adsorbents is typically
below 1.13 after adsorption (Zhu et al., 2024a). ICP-OES analysis of the
Zn/La-MMS showed that it contains 2.91 wt % Zn and 11.19 wt % La,
corresponding to a P/M of 1.76 after adsorption, implying that more
active sites were exposed and participated in phosphate binding in the
Zn/La-MMS (Table S11).

3.2.3. Adsorption thermodynamics
Fig. 4c and Table S7 presented the thermodynamic parameters for
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the adsorption of phosphate by Zn/La-0.5 MMS (for detailed calculation
methods, see Text S4). The entropy change (AS) and enthalpy change
(AH)) values were determined using a linear regression model. The AH
value for Zn/La-0.5 MMS was 14.54 kJ/mol, and the AS value was 64.02
KJ/mol-K 1, indicating that the adsorption of phosphate by Zn/La-0.5
MMS was an endothermic process (Peng et al., 2019). Furthermore,
the Gibbs free energy (AG) ranged from —5.85 to —4.56 kJ/mol, which
was negative, and slightly increased at rising temperatures, indicating
that the adsorption reaction was spontaneous and consistent with the
phenomenon that the adsorption capacity increased with temperature
(Zhang et al., 2022).

3.2.4. Effects of pH and coexisting ions

Based on the experimental data, the Zn/La-0.5 MMS composite
demonstrated outstanding phosphorus removal performances in both
adsorption kinetics and adsorption isotherms, making it an optimal
material for further analysis. pH value is a key factor influencing
phosphate adsorption. As shown in the Fig. 4a. under acidic and neutral
conditions, the Zn/La-0.5 MMS composite exhibited excellent phosphate
removal performance, which decreased with the increase in pH values.
At pH = 3, with an initial PO; -P concentration of 11 mg/L, the
adsorption capacity reached 54.25 mg P/g, which decreased to 29.25
mg P/g as the pH value increased to 11, with a reduction of 46.09 %. It
was evident that the phosphate adsorption capacity of Zn/La-0.5 MMS
was largely determined by the solution pH. This could be attributed to
several aspects: Firstly, the surface charge of the adsorbent played a
crucial role (Mahmoud et al., 2024). As shown in Fig. 4b, the point of
zero charge (pHy,) of the Zn/La-0.5 MMS was 7.78, which decreased to
6.3 after the adsorption of phosphate. When the solution pH was below
7.78, the hydroxyl groups on the surface of the adsorbent became pro-
tonated and positively charged, which promoted the electrostatic
attraction of the negatively charged HoPOs and HPOZ ™ in the aqueous
solution, enhancing phosphate adsorption (Elkhlifi et al., 2022),
Conversely, when the solution pH was above 7.78, the hydroxyl groups
on the surface of the adsorbent were deprotonated and negatively
charged. The higher pH, the stronger negative charged, and the more
likely there was electrostatic repulsion against phosphate, thereby
reducing the phosphate adsorption capacity (Yin et al., 2022). Another
aspect affecting the adsorption was the different forms of phosphate
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present under different pH conditions: at pH < 2.0, H3POy is the pre-
dominant phosphate species. Within the pH ranging of 2.13-7.20,
H,POz was the primary form. At pH 7.20-12.13, HPO?~ predominated
(Chang et al., 2021). Additionally, under alkaline conditions, a large
amount of OH™ in the solution competed with phosphate for active
adsorption sites on the surface of the adsorbent, leading to decreased
phosphate adsorption. The pH of the solution increased after adsorption,
mainly owing to the ligand exchange between phosphate and hydroxyl
groups on the surface of the adsorbent, resulting in the release of OH™
into the solution and thus increased pH values (Kong et al., 2024). To
assess the stability of the Zn/La-0.5 MMS under different pH conditions,
the leaching of Zn and La was examined under different pH conditions
(3.0-11.0). As shown in Fig. S3, generally higher concentration of Zn
and La ions were detected under acidic conditions, indicating relatively
low stability at acidic environments. As the solution pH increased to 7
and above, the leaching of those metal ions became negligible, with
concentration levels stabilized at about 0.18 and 0.23 mg/L for Zn and
La, respectively. Considering that the pH conditions in water and
wastewater were typically between 6-9, the Zn/La-0.5 MMS desirable
stability in real applications.

High concentrations of anions in water could affect the adsorption of
phosphates. Commonly found anions in wastewater include Cl~, NOg3,
SO?{, and HCO3. Additionally, natural organic matter such as humic
acid (HA) might also compete with phosphates for active adsorption
sites, thereby having the potential to reduce the phosphate adsorption
efficiency. Therefore, this study analyzed the effects of these coexisting
anions/organic matter at different concentrations (200, 500, and 1000
mg/L) on the adsorption of phosphates. As shown in Fig. 4d, Cl™, NO3,
SO3~ had little effect on the adsorption of phosphates. HCO3 and HA
had limited interference with phosphate adsorption at concentrations
below 200 mg/L. However, at concentrations above 500 mg/L, their
interfering effects started to show up, leading to decreased phosphate
adsorption capacity. Whereas, at any cases the reduction of the phos-
phate adsorption capacity was below 20 %. At low HA concentrations,
Zn-La-0.5 MMS possessed a multitude of adsorptive sites for the
adsorption of phosphate and HA. Yet, at increased HA concentrations, La
was more inclined to bind with HA to form La-HA colloidal complexes,
which in turn diminished the adsorption capacity of the adsorbents
(Kong et al., 2024) (although it is typically less likely that the HA con-
centration may pass 200 mg/L in real water or wastewater samples). For
HCOg3, its presence could elevate the solution pH. Given that the solu-
bility product constant (Ksp) of Lay(CO3)3 was (3.98 x 104 com-
parable to that of LaPOy4 (3.7 x 10_23), the competition of HCO3 with
phosphates is expected but only at high HCO3 concentrations (Li et al.,
2025a).

3.2.5. Real water/wastewater applications

Real water/wastewater tends to have more complex compositions
and more influencing factors on phosphate adsorption, so it is necessary
to use real water/wastewater to evaluate the adsorption performances of
Zn/La-0.5 MMS. Tap water, landscape lake water and secondary effluent
from a local WWTP (with their origin PO%’-P concentrations of 0.00,
0.02 and 0.17 mg/L, respectively) were used to formulate phosphate
solutions with an initial concentration of 3.0 mg/L to investigate the
adsorption performances of Zn/La-0.5 MMS for applying to real water/
wastewater with low phosphate concentrations. As shown in Fig. 4f, the
Zn/La-0.5 MMS were able to rapidly reduce the PO3~-P concentration to
0.02 mg/L within 20 min, indicating the promising applicability of Zn/
La-0.5 MMS for real applications.

To understand of the performance of Zn/La-0.5 MMS under field
application conditions, 0.1 g of the composite was added in 500 mL
surface water collected from a river nearby the Pearl River in Guangz-
hou. The total phosphorus (TP) concentration in the surface water
sample is 0.10 mg/L, exceeding the Class III limit of the Chinese Surface
Water Standard (0.05 mg P/L). Co-existing anions were also abundant,
with SOF~, NO3 and HCO3 concentrations of 27.2, 0.74 and 85.5 mg/L,
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respectively (Table S8). After adsorption, the residual TP was reduced to
0.013 mg/L, achieving an 86 % removal, demonstrating the applica-
bility of Zn/La-0.5 MMS in real water samples with complex
compositions.

3.2.6. Regeneration and reuse of zn/la-0.5mms

For ideal phosphate adsorbents, in addition to the excellent phos-
phate adsorption capabilities, their recyclability was also an important
indicator for assessing their economic viability. The effects of NaOH
concentrations on the desorption efficiency were investigated, with
specific experimental results shown in the Supplementary Material
Fig. S4. As the increase in the concentration of NaOH solution, the
desorption efficiency increased continuously. The desorption efficiency
reached 88.6 % with 1 M NaOH solution. Further increasing the con-
centration of NaOH only increased the desorption efficiency by 0.67 %.
Thus, 1 M NaOH was used as the eluent to evaluate the material’s
regeneration performance. As shown in Fig. 4e, >78 % desorption ca-
pacity (44.99 mg P/g) remained after five cycles. The reason for the
decrease in adsorption capacity might be that some active sites were
permanently occupied and could not be eluted. Despite the slightly
reduced adsorption capacity over time, the regeneration performance of
the material is overall desirable.

After four cycles, the XRD pattern of Zn/La-MMS showed almost no
noticeable change (Fig. S5). The characteristic magnetite diffraction
peaks at (311) and (511) were largely unchanged, confirming the
structural stability of the framework after alkaline regeneration.
Meanwhile, the disappearance of the La(OH)s; and Zn(OH), peaks
originally located at 15.6° and 27.9° indicates that the metal sites were
successfully regenerated. ICP-MS analysis revealed that the leaching of
Zn and La in the regenerant were both below 0.15 mg/L (Table S11),
demonstrating the stability and practical safety of Zn/La-MMS (Fig. S5).

To assess the dynamic column performance, we conducted tests at a
superficial velocity of 2.5 m/h and an empty-bed contact time (EBCT) of
5 min. With 2 g Zn/La-MMS, at an influent PO} -P concentration of
0.083 mg/L, 1050 bed volumes were achieved with effluent PO%’-P
concentrations < 0.02 mg/L. Zn and La in the effluent remained below
0.05 and 0.01 mg/L, respectively, demonstrating its long-term stability
(Fig. 5). A mini wet-abrasion test showed a mass loss of 0.7+0.1 wt %
after 2 h of hydraulic shearing at 600 rpm (Table S14), lower than that
(< 1.5 wt %) reported for analogous Fe304-based granules (Cheng et al.,
2024; Thijs et al., 2023). These results demonstrated the sufficient me-
chanical integrity and practical relevance of the Zn/La-MMS. Addi-
tionally, previous pilot-scale studies demonstrated that the
adsorbent-magnetic  separation process is readily scalable
(Drenkova-Tuhtan et al., 2017; Salinas et al., 2018), adding to the
applicability of the Zn/La-MMS developed in this study.

3.3. Adsorption mechanism

3.3.1. XRD

X-ray diffraction (XRD) analysis of the crystallinity and structural
changes of MMS and Zn/La-0.5 MMS before and after adsorption were
shown in Fig. 6a. The raw MMS primarily displayed crystal phases of
Fe304 and SiO», with characteristic diffraction peaks of SiO5 located at
20.8° and 26.6°, corresponding to its (100) and (011) crystal planes,
respectively (Mi et al., 2022). By comparing with the FegO4 standard
card [JCPDS#99-000-2246], both MMS and Zn/La-0.5 MMS exhibited
distinct diffraction peaks at 29.96°, 35.5°, and 57.04°, corresponding to
the (220), (311), and (511) crystal planes, respectively (Chen et al.,
2019b). This indicated that the material maintained the cubic spinel
structure of Fe304 before and after the loading of Zn/La, suggesting that
the loading of Zn/La did not affect the structure of Fe3O4. Furthermore,
the newly emerged diffraction peaks after the loading of metals on MMS
matched well with the characteristic peaks of La (OH)s and ZnO, con-
firming the successful loading of Zn/La onto the MMS. Specifically, these
peaks appeared at 15.6°, 27.9°, 39.2°, and 52.4°, corresponding to the
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(100), (101), (201), and (211) crystal plane La(OH)3 (JCPDS#83-2034)
(Kong et al., 2019), and at 31.05°, 33.1°, 37.58°, and 42.2°, corre-
sponding to the (100), (002), (101), and (220) crystal planes of ZnO
(JCPDS#5-0664) (Nakarmi et al., 2020). After phosphate adsorption,
the original main diffraction peaks of La(OH)3 in Zn/La-0.5 MMS
significantly weakened. A new peak appeared at 48.5°, attributed to the
(212) plane of LaPOQy, indicating the transformation of La(OH)3 into La-P
complexes through inner-sphere complexation (Zhang et al., 2021).
Additionally, new peaks observed at 9.7° and 13.4° correspond to the
(020) and (220) crystal planes of Zn3(PO4)s, respectively (Xia et al.,
2024), indicating that ligand exchange occurred between metal hy-
droxides and phosphates, forming phosphate compounds and contrib-
uting to the adsorption and removal of phosphates.

3.3.2. FTIR

Fourier Transform Infrared Spectroscopy (FTIR) was used to analyze
the changes in the surface functional groups of MMS and Zn/La-x MMS
composite materials before and after the introduction of Zn and La, as
well as after the adsorption of phosphate. As shown in Fig. 5b, the FTIR
spectra of all adsorbents covered a wavenumber range from 4000 to 500
cm L. A broad band was observed between 3400 and 3650 cm ™!,
attributed to the bending vibrations of water molecules (H—O-H) and
the stretching vibrations of hydroxyl groups (-OH) (Nguyen et al., 2020).
Compared to MMS, the intensity of the peak at 3500 cm ™! in the Zn/La-x
MMS composites increased, likely due to an increase in the content of
hydroxyl groups in La (OH)3, which was also confirmed in the XRD
patterns. The peak at 1050 cm™! corresponds to the asymmetric

stretching vibrations of Si-O-Si (Wang et al., 2008), while the peak at
795 cm ! corresponds to the bending vibrations of Si-O-H (Li et al.,
2016). Additionally, the peaks at 430 and 582 cm ™! are attributed to the
vibrations of Fe-O bonds in Fe3O4 (Li et al., 2025b). The positions and
intensities of these peaks did not change significantly before and after
metal loading. However, after phosphate adsorption, two new signifi-
cant peaks (gray solid lines) appeared at 1138 and 1075 cm ™ for the
Zn/La-x MMS, which were related to the stretching vibrations of P-OH
and P-O bonds in phosphate (Song et al., 2019; Wang et al., 2024b),
indicating the successful adsorption of phosphate. The peaks at 429 and
1633 cm™! in Zn/La-x MMS were mainly due to the characteristic lattice
vibrations of Zn-O and La-OH (Frost et al., 2001; D. D. Li et al., 2025).
The weakening of these peaks after P adsorption further confirmed the
changes in M-O bonds during the adsorption process, leading to the
formation of M-P and M-O-P bonds (where M represented Zn and/or La).

3.3.3. XPS

XPS analysis was performed to further elucidate the adsorption
mechanisms. The fine spectra of four elements—O, Zn, La, and P—as
well as the whole spectrum analysis before and after phosphate
adsorption were displayed in the Fig. 7. All the plots were corrected with
the C1s peak (284.80 eV). In Fig. 7a, Zn2p, La3d, O1s, N1s, and C1s were
observed. The appearance of a new P2p peak upon adsorption suggested
effective adsorption of phosphate. In addition, the standard P2p peak
binding energy of KHyPO4 was 134.0 eV, which changed to 133.3 eV
after adsorption, decreased by 0.7 eV, suggesting the formation of new
chemical bonds (M-O-P) in Zn/La-0.5 MMS after phosphate adsorption
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(Liu et al., 2023). The high-resolution spectra of Zn2p and La3d were
shown in Fig. 7b and 7c. After adsorption, the positions of these peaks
shifted to the left, indication increased binding energies due to the
transfer of valence electrons and formation of complex (Yan et al., 2016;
Zhang et al., 2022), e.g., the binding energies of the characteristic peaks
located in Zn2p; /2 and Zn2p3,; increased from 1043.1 to 1020.0 eV to
1043.7 and 1020.6 eV, respectively. Those of the characteristic peaks
located in La3ds/; and La3ds/2 increased from 854.1 to 833.7 eV to
854.8 and 834.1 eV, respectively. The positive shifts in the binding
energies of La 3d and Zn 2p orbitals (Fig. 7b and c) indicated the for-
mation of coordinate bond between metal atoms and phosphate species
driven by the aqueous polarization of H.PO4™ (Zhu et al., 2024b). Ac-
cording to molecular orbital (MO) theory, this phenomenon arose from
two synergistic charge transfer mechanisms: (1) intrinsic charge redis-
tribution due to the electronegativity difference between La and Zn, and
(2) directional electron donation from La to Zn mediated by bridging
0O2p orbitals. These interactions collectively stabilize the [MOe] PO
coordination structure (Xiang et al., 2019). Consequently, the Zn-La
electron coupling not only reinforced phosphate chemisorption
through hydrogen bonding but also enhanced overall adsorption ca-
pacity via optimized electronic synergy. The high-resolution fine spec-
trum of Ols was shown in Fig. 7e, and was decomposed into three
oxygen-bond peaks at 529.6, 531.3, and 533.7 eV, corresponding to
surface lattice oxygen (M-O), surface hydroxyl oxygen (M-O-H), and
physically adsorbed water (H20), respectively. After adsorption, M-O
increased from 31.26 % to 39.12 %, while M-OH decreased from 66.37
% to 58.58 %, suggesting that the adsorption of phosphate may have led
to partial substitution of M-OH in the material. Phosphate formed
complexes with Zn?*/La3"(Lan et al., 2022). The Cls spectrum can be
decomposed into two characteristic peaks: the C—C bond located at
284.8 eV, and the O—C = O bond at 288.9 eV. After phosphate
adsorption, the relative intensity of the C—C peak increased from 85.57
% to 86.84 %, which may be due to the formation of more stable C—C
bonds on the surface of Zn/La-0.5 MMS during phosphate adsorption. At
the same time, the area of the O—C = O peak decreased by 1.27 %,
indicating that hydroxyl groups participated in the chemical process
accompanying phosphate adsorption (Li et al., 2025a).

3.3.4. DFT calculation
To further explore the differences in phosphate adsorption mecha-
nisms among Zn/La-0.5 MMS, Zn MMS, and La MMS, density functional

theory (DFT) was employed in this study to simulate the interaction
processes between the material surfaces and H.PO4™ (Fig. 8a). The geo-
metric optimization of the material structures before and after adsorp-
tion, as well as the energy calculation results, indicated that the
adsorption energy of Zn/La-0.5 MMS for H-POs™ (Ead = —6.17 €V) was
significantly higher than that of the monometallic materials (Zn MMS:
—5.03 eV; La MMS: —4.46 eV, see Table S9). This suggested that the
bimetallic composite significantly enhanced the driving force for phos-
phate adsorption. The negative values of Ead confirmed that the
adsorption processes of all three materials were energetically sponta-
neous, and the larger the absolute value of Ead, the stronger the binding
strength of the material surface to the target anion. The DFT calculation
results were highly consistent with the batch adsorption experimental
results, further explaining the mechanisms by which the bimetallic
composite material Zn/La-0.5 MMS had superior phosphate adsorption
performance compared to the monometallic systems (Zn MMS and La
MMS).

To further elucidate the bonding mechanism between phosphate and
Zn/La-0.5 MMS, the interfacial electron transfer characteristics were
revealed through differential charge density (Ap) and Bader charge
analysis. As shown in Fig. 8b, ¢ and d, yellow regions indicated increased
electron density on the oxyanions. Blue regions indicated decreased
electron density on the doped La/Zn atoms. The HPO4*" anion gained
0.74e from the material surface (yellow region in Ap), while the coor-
dinated La and Zn atoms lost 2.13e and 1.34e, respectively (blue region).
Bader charge analysis confirmed electron transfer from the Zn/La-0.5
MMS surface to oxygen anions during phosphate adsorption. This
charge transfer originated from a reverse electron transfer mechanism,
where the bimetallic synergistic effect of Zn/La induced electron injec-
tion from occupied orbitals of the adsorbent (e.g., La/Zn-O hybridized
orbitals) into the unoccupied O 2p antibonding orbitals of HPO.*,
forming strong coordination bonds (La/Zn-O-P). Previous studies indi-
cated that the electronegativity gradient between La and Zn (Zn > La)
drove internal charge transfer. The introduction of La and Zn in the
oxide matrix induced internal charge transfer via surrounding O 2p li-
gands (e.g., Zn—La). Subsequently, La back-donated electrons into the O
2p* antibonding orbitals of HPO4>". Consequently, the energy barrier for
phosphate chemisorption was reduced, facilitating the formation of
stable La/Zn---POa species and synergistically improving adsorption ki-
netics and capacity (Khare et al., 2005).
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Fig. 8. (a) Phosphate adsorption energies; Side and top views of the charge density difference and Bader charge analysis on (b) Zn/La-0.5 MMS, (c) Zn-MMS, and (d)
La-MMS (yellow regions indicate increased charge densities, while blue regions indicate reduced charge densities).

3.3.5. XAS analysis

X-ray absorption fine-structure (XAFS) spectroscopy was employed
to trace the interfacial charge flow upon phosphate adsorption (Ravel
and Newville, 2005). A set of four different kinds of samples, i.e., the
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[

Normalized absorbance

—_
(=}

Normalized absorbance

5460

pristine Zn/La MMS, the phosphate-adsorbed Zn/La MMS, the
phosphate-adsorbed La(OH)3 and the phosphate-adsorbed Zn(OH),,
were characterized at the Zn K-edge and La Ls-edge under identical
beamline conditions (Fig. 9).
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Relative to the respective oxide references, the Zn K-edge of Zn/La
MMS exhibited a + 0.35 eV shift to the higher energy side (Fig. 9a),
evidencing Zn%**—>7n™*® oxidation (reduced 3d electron density) (Chen
et al., 2023). Conversely, the La Lz-edge spectrum showed an —0.42 eV
shift to the lower energy side (Fig. 9d), indicating La®** —La"® reduction
(increased 5d electron density). Collectively these results demonstrated
the migration of electron from Zn to La (i.e., interfacial electron
redistribution).

Fourier-transformed k2-weighted EXAFS spectra (Fig. 9c, f) showed a
marginal change in the Zn-O bond length with the Zn coordination
number decreasing slightly from 5.6 to 5.1, due to a fact that the fully
occupied 3d' shell of Zn was hardly affected by antibonding in-
teractions (Trivedi et al., 2001). In contrast, the La-O bond length
shortened significantly from 1.76 to 1.71 A with its coordination num-
ber increasing from 3.4 to 4.0. This contraction are considered to be
arose from electron back-donation from La into the O 2p* antibonding
orbitals of phosphate, forming covalent La-O-P bonds, which thereby
enhancing the synergistic adsorption capability of the bimetallic sites
(Bejger et al., 2025). The specific fitting data were presented in
Table S13.

4. Conclusions

This study developed a novel approach for the preparation of mag-
netic mesoporous microspheres (MMS) loading with Zn/La metal for
advanced phosphate adsorption using simple etching and co-
precipitation methods. Effective and highly efficient phosphate
removal from wastewater was achieved owing to the bimetallic syner-
getic effect, the resultant enhanced adsorption, and the unique meso-
porous structure. The resultant Zn/La-0.5 MMS adsorbent showed an
approximately 15-fold increase in maximum adsorption capacity
compared with the undoped MMS, with a maximum value of 140.9 mg
P/g. Low residual TP (0.013 mg/L) concentrations were achieved for the
treatment of real surface water. This material efficiently removed
phosphate within a pH range of 3 to 11, with extremely low leaching of
metals under actual application conditions. The adsorption of phosphate
on the Zn/La-0.5 MMS was spontaneous and endothermic. Structural
analysis and characterization results indicated that the adsorption of
phosphate by the Zn/La-0.5 MMS was mainly achieved via inner-sphere
complexation, ligand exchange, and intermolecular hydrogen bonding
and electrostatic interactions on its surface. High phosphate adsorption
performances sustained in solutions containing coexisting ions (Cl~,
NO3, 803", and HCOs) or humic acids at concentrations 20 times and 50
times that of phosphate and within the actual water/wastewater matrix.
After five cycles of regeneration and reuse, 79 % of its original phos-
phate adsorption capacity remained. DFT calculation together with
differential charge density and Bader charge analyses revealed that
reverse electron transfer occurred, where electron flow from the La/Zn-
O hybridized orbitals into the unoccupied O 2p antibonding orbitals of
HPO.*, forming strong coordination bonds (La/Zn-O-P), rendering /La-
0.5 MMS superior phosphate adsorption performance than mono-
metallic systems (Zn MMS and La MMS). Overall, this study provided a
simple and practical method for the development of highly efficient,
reliable, stable, and readily separable and recoverable adsorbents for
phosphate removal from water and wastewater.
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