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e3O4@polydopamine core–shell
magnetic composites for enhanced phosphate
removal from aqueous solutions

Xinyu Cheng,†ab Zhihua Xu,†ac Chenxi Guo,a Ting Zhou,ac Alang Zhanga

and Feng Shi *a

In this work, a lanthanum-doped Fe3O4@polydopamine (PDA) core–shell composite was prepared via

a hydrothermal method. XPS depth profiling revealed that La is uniformly distributed throughout the

Fe3O4 particles, with a constant La/Fe ratio from the surface to 60 nm depth. The material exhibits

superparamagnetic properties, enabling rapid magnetic separation within 30 s. Phosphate adsorption

reaches equilibrium in 180 min, following pseudo-second-order kinetics (R2 > 0.999) and the Sips

isotherm, with a maximum capacity of 123.44 mg P per g. XPS analysis revealed shifts in the La 3d

spectra consistent with inner-sphere La–P complexation, providing supportive evidence for

chemisorption. The adsorbent retained >85% of its capacity after five cycles using 1 M NaCl as the

eluent. Negligible La leaching (<0.01 mg L−1) and low aquatic toxicity to Chlorella sp. further support its

environmental safety. These results demonstrate that 2.5%La-Fe3O4@PDA provides a robust,

magnetically separable, and reusable platform for phosphate removal, offering deeper mechanistic

insights into La-doping and PDA synergy in established magnetic core–shell systems.
Introduction

Phosphorus (P) is an indispensable nutrient for the growth and
reproduction of all organisms.1 However, the excessive
discharge of phosphate into water bodies from agricultural
runoff and domestic/industrial wastewater has emerged as one
of the most pressing global environmental challenges of the
21st century. This leads to eutrophication, characterized by
harmful algal blooms, reduced water transparency, and di-
ssolved oxygen depletion, ultimately causing the collapse of
ecosystem functions and a loss of biodiversity.2

Phosphate removal employs various technologies,3 including
chemical precipitation,4 biological treatment,5 membrane
ltration,6 and adsorption.7,8 Among these, adsorption is widely
regarded as one of the most promising methods due to its
simplicity, cost-effectiveness, high efficiency, and potential for
phosphate recovery.3 Nanomaterial adsorbents have demon-
strated exceptional pollutant removal capabilities in the eld of
water treatment owing to their ultra-high specic surface area
and reactivity, such as layered double hydroxides (LDHs),9

metal–organic frameworks (MOFs),10 biochar,8 and hydrogels.11
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However, it is the high dispersion and low sedimentation
brought about by its nanoscale size (<100 nm) that cause it to
face inherent defects, such as difficulties in separation and
recycling, a surge in operating costs, and potential secondary
ecological risks in practical applications.

To overcome this bottleneck, superparamagnetic adsorbents
have emerged as a promising solution. These materials typically
use superparamagnetic nanoparticles (such as Fe3O4) as the
magnetic core, allowing the adsorbents to be rapidly and effi-
ciently separated from water using an external magnetic eld
aer adsorption. This avoids the ltration difficulties associ-
ated with conventional powdered adsorbents and greatly facil-
itates the regeneration and recycling of the adsorbents.12–14

Despite the obvious advantages, pure Fe3O4 nanoparticles also
have the disadvantage of being easily oxidized and aggregated
in aqueous solutions, which reduces their adsorption efficiency
and long-term stability.15–17 Therefore, by surface
modication18–20 or composite techniques,21,22 functional
groups or porous materials with specic adsorption capabilities
can be combined on the Fe3O4 magnetic core, achieving both
high adsorption performance and convenient magnetic-
responsive separation, which is key to enhancing their prac-
tical application performance.

Among them, the rare earth element lantanth (La) has
a strong affinity for Lewis bases such as phosphate radicals
(PO4

3−) due to its unique electron layer structure and strong
Lewis's acidity, which can form extremely stable lanthane
phosphate (LaPO4)23,24 precipitation and is recognized as one of
© 2026 The Author(s). Published by the Royal Society of Chemistry
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the most effective metals to capture phosphate. The effective-
ness of this strategy has been widely conrmed by anchoring La
on the magnetic carrier to construct an adsorbent with both
high-efficiency adsorption and convenient separation charac-
teristics. For instance, Wang et al.25 fabricated a magnetic La–Fe
co-loaded calcined soda residue via co-precipitation, achieving
a phosphate adsorption capacity of 74.87 mg P per g. Despite
these advances, signicant hurdles persist for La-based
magnetic adsorbents, including potential La leaching under
acidic conditions and the gradual deactivation of active sites
over repeated adsorption–desorption cycles.26 Lu et al.27 effec-
tively prevented the oxidation of the magnetic nucleus by
introducing a dense SiO2 protective layer between its Fe3O4

magnetic nucleus and the La(OH)3 active layer, successfully
constructing a core–shell structural adsorbent with a high
adsorption capacity (63.72 mg P per g) and excellent magnetic
separation performance. However, such inorganic layers (e.g.,
SiO2) oen lack sufficient surface functional groups, limiting
further functionalization and the multifaceted tuning of
adsorption properties. Polydopamine (PDA) stands out for its
exceptional biocompatibility, environmental friendliness, and
strong adhesive properties.28 Its monomer dopamine can self-
polymerize in a weakly alkaline aqueous solution to form
a powerful coating layer on the surface of various materials.29,30

This adhesion results from the strong coordination of catechol
groups and metal oxides in dopamine molecules, ensuring the
mechanical stability of the shell.31 Rich functional groups
provide a large number of phenol hydroxyl groups, amino
groups, and other active sites, which not only serve as an ideal
platform for subsequent modication but can also initially
adsorb phosphate through hydrogen bonds and other interac-
tions. In this study, we systematically investigate a La-doped
Fe3O4@PDA core–shell composite to elucidate the synergistic
role of bulk La incorporation and the PDA coating in enhancing
phosphate adsorption, providing mechanistic validation and
performance optimization of existing magnetic adsorbent
strategies.

As the magnetic core, Fe3O4 magnetic nanoparticles are
applied to various suitable elds depending on different prep-
aration methods.32 Bruckmann et al.33 synthesized Fe3O4 by the
co-precipitation method and coated a layer of chitosan (CS) on
the basis of Fe3O4 as the core to prepare a magnetic composite
(CS-Fe3O4). Magnetic nanoparticles uniformly covered with
a polymer matrix can achieve efficient adsorption of tetracy-
cline. Divakara et al.34 reviewed the green synthesis of spinel
ferrite nanoparticles and their nanocomposites, and discussed
the applications of these green-synthesized materials in the
elds of antibacterial activity, photocatalytic degradation of
organic dyes, and wastewater treatment. Aboelfetoh35 used the
classical hydrothermal synthesis method to obtain Ag-doped
reduced graphene oxide (rGO)-stabilized Fe3O4 composites
(rGO/Fe3O4/Ag). The integration of rGO/Fe3O4/Ag enhanced the
catalytic and adsorption capabilities of the nanomaterials,
providing research progress for future environmental remedi-
ation applications. According to the purpose of this study, a La-
doped spherical Fe3O4 magnetic core was prepared by a simple
hydrothermal synthesis method. Subsequently, based on this,
© 2026 The Author(s). Published by the Royal Society of Chemistry
the polymerization characteristics of PDA were utilized to coat
the surface, in order to obtain a novel integrated enhanced
adsorbent.

In this work, a core–shell structured La-Fe3O4@PDA
composite was synthesized via a hydrothermal method followed
by PDA self-polymerization. The material was systematically
characterized, and batch adsorption experiments were con-
ducted to evaluate the effects of pH, adsorbent dosage, contact
time, and initial concentration. Kinetic and isotherm models
were applied to elucidate the adsorption mechanism, and the
recyclability was assessed. The composite exhibits good super-
paramagnetism, selectivity, easy magnetic separation, and low
environmental impact. This work advances the understanding
of prior La-modied Fe3O4 and Fe3O4@PDA systems by
providing XPS depth-proling evidence of uniform La incorpo-
ration, spectroscopic data consistent with inner-sphere La–P
interactions, and comprehensive environmental safety assess-
ment. These features, together with the synergistic role of the
PDA shell, validate 2.5%La-Fe3O4@PDA as a magnetically
separable, reusable, and safe adsorbent with competitive
phosphate capacity.

Materials and methods
Materials

Ferric chloride hexahydrate (FeCl3$6H2O), sodium acetate
(NaOAc), ethylenediaminetetraacetic acid disodium salt (EDTA-
2Na), ethylene glycol (EG), dopamine hydrochloride, potassium
dihydrogen phosphate (KH2PO4, AR, $99%), and ascorbic acid
(AR, $99.7%) were purchased from Aladdin Biochemical
Technology Co., Ltd. Potassium antimonyl tartrate (AR, $99%)
and ammonium molybdate tetrahydrate ((NH4)2MoO4$4H2O,
AR, $99%) were also obtained from Aladdin. Lanthanum
nitrate hexahydrate (La(NO3)3$6H2O, AR, $99%) and ethanol
were supplied by Macklin Biochemical Technology Co., Ltd.
Chlorella sp. was purchased from the Freshwater Algae Culture
Collection, Institute of the Chinese Academy of Sciences.
Deionized (DI) water was used throughout the experiments.

Hydrothermal synthesis of Fe3O4 nanoparticles

Fe3O4 nanoparticles were synthesized via a modied sol-
vothermal method. In a typical procedure, FeCl3$6H2O (0.68 g),
NaOAc (1.2 g), and EDTA-2Na (0.034 g) were dissolved in 20 mL
of ethylene glycol under magnetic stirring for 1 h. The homo-
geneous yellow solution was then transferred into a 50 mL
Teon-lined stainless-steel autoclave and heated at 200 °C for
10 h. Aer cooling naturally to room temperature, the resulting
black precipitate was collected magnetically and washed several
times with anhydrous ethanol and DI water, followed by drying
under vacuum at 60 °C for 12 h.

Hydrothermal synthesis of La-doped Fe3O4(La-Fe3O4)

The synthesis of La-Fe3O4 followed a similar procedure to that
of pure Fe3O4, with the addition of a La precursor. Specically,
aer the initial mixture of FeCl3$6H2O (0.68 g), NaOAc (1.2 g),
and EDTA-2Na (0.034 g) in 20 mL ethylene glycol was stirred for
RSC Adv., 2026, 16, 24454–24464 | 24455
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1 h, a predetermined volume of La(NO3)3$6H2O solution (in
ethylene glycol) was added dropwise under vigorous stirring to
achieve a nominal La doping concentration. The mixture was
stirred for an additional 30 min before being transferred to the
autoclave for hydrothermal reaction (200 °C, 10 h). The nal
product was washed and dried using the same protocol as for
the pure Fe3O4 nanoparticles described above.
Synthesis of La-Fe3O4@PDA core–shell nanoparticles

The La-Fe3O4@PDA composite was prepared via the in situ self-
polymerization of dopamine on the surface of the as-
synthesized La-Fe3O4 nanoparticles. First, La-Fe3O4 powder
was dispersed in 50 mL of Tris–HCl buffer (10 mM, pH 8.5) by
sonication for 5 min. Subsequently, 40 mg of dopamine
hydrochloride was added to the suspension under mechanical
stirring. The reaction was allowed to proceed at 30 °C for 24 h.
The resulting black product, denoted as La-Fe3O4@PDA, was
collected magnetically, thoroughly washed with ethanol and DI
water, and nally freeze-dried for 12 h.
Characterization techniques

The crystal structure and phase composition of the synthesized
samples were determined using X-ray diffraction (XRD, Rigaku
SmartLab) with Cu Ka radiation (l = 1.5406 Å) and a scanning
2q range from 10° to 90°. Morphology and microstructure were
examined by transmission electron microscopy (TEM, JEOL
JEM-2100F). Elemental composition and mapping were per-
formed using energy-dispersive X-ray spectroscopy (EDS)
attached to a scanning electron microscope (SEM, Hitachi
SU8010). XPS depth proling was carried out on a Thermo
Scientic K-Alpha spectrometer using cluster ion etching
(Ar1500

+). Fourier transform infrared (FTIR) spectra were recor-
ded on a Nicolet iS50 spectrometer in the range of 400–
4000 cm−1 using the KBr pellet method. The magnetic proper-
ties were measured at room temperature using a vibrating
sample magnetometer (VSM, Lake Shore 7404) with an applied
eld ranging from −20 000 to 20 000 Oe.
Batch adsorption experiments

Prepare a phosphate stock solution with a concentration of
100 mg P per L in a volumetric ask using KH2PO4. First,
investigate the effect of pH on phosphate adsorption over a pH
range of 3.0–9.0 at 2.0 pH intervals. Adjust the pH of the solu-
tion by adding 0.1 M HCl or NaOH. Add 10 mg of adsorbent to
50 mL of solution containing 100 mg P per L phosphate and
then place the conical ask in a thermostatic shaker, agitating
at 200 rpm for 120 min. Aer equilibrium is reached, separate
the solid from the aqueous suspension using magnetic sepa-
ration, and determine the residual phosphate concentration in
the solution at a wavelength of 820 nm using a microplate
reader (SpectraMax M2) according to standard procedures. The
adsorption capacity is calculated using the following formula:

qe ¼ ðC0 � CeÞ � V

m
(1)
24456 | RSC Adv., 2026, 16, 24454–24464
where C0 and Ce (mg P per L) are the initial and equilibrium
phosphate concentrations, respectively; V (L) is the volume of
the solution; and m (g) is the mass of the adsorbent used. All
experiments were performed in duplicate, and average values
are reported.
Aquatic toxicity assessment

Chlorella sp. was selected as the model organism to evaluate the
potential environmental impact of 2.5%La-Fe3O4@PDA. Algal
cells in the logarithmic growth phase were inoculated into fresh
culture medium to achieve an initial optical density (OD) of 0.16
at 680 nm. The 2.5%La-Fe3O4@PDA stock solution was then
added to the algal suspensions to obtain nal material
concentrations of 0 (control), 20, 40, 80, 100, and 200 mg L−1.
The exposure period lasted for 30 days, with sampling con-
ducted every 5 days.

To monitor algal growth, the optical density of the Chlorella
sp. suspension was measured using a UV-Vis spectrophotom-
eter. A full-wavelength scan from 350 to 800 nm was rst per-
formed to determine the maximum absorption wavelength,
which was identied as 680 nm. Subsequently, at each sampling
time point (every 5 days), the absorbance at 680 nm (OD680) was
recorded. All experiments were performed in triplicate, and the
results were expressed as mean ± standard deviation (SD).
Results and discussion
Characterization of the La-Fe3O4@PDA composite

Morphology and TEM analysis. The morphology and
microstructure of the samples were observed by transmission
electron microscopy (TEM). The pure Fe3O4 nanoparticles are
mainly spherical, with an average diameter of approximately
200 nm (Fig. 1a). Aer doping with La (Fig. 1b), the La-Fe3O4

particles maintain a similar spherical morphology, but with
a slightly increased diameter and improved monodispersity,
indicating that La was successfully incorporated without
signicant aggregation. The La-Fe3O4@PDA composite exhibits
a distinct core–shell structure (Fig. 1c). The darker La-Fe3O4

core is uniformly coated with a PDA shell, with a shell thickness
of approximately 50 nm. Some degree of aggregation is observed
between the particles, which may be due to magnetic interac-
tions and hydrogen bonding between the PDA coatings.

XRD analysis. The crystal structures of Fe3O4, La-Fe3O4, and
La-Fe3O4@PDA nanoparticles were characterized using XRD
(Fig. 1d). The diffraction peaks of Fe3O4 (30.1°, 35.5°, etc.) are
consistent with the standard XRD pattern (ICDD 01-073-0689).36

Aer La doping, the crystal structure of La-Fe3O4 remained
unchanged, with a slight increase in peak intensity. This
observation is consistent with the successful incorporation of
La into the Fe3O4 particles and may contribute to improved
crystallinity. Aer further coating with a PDA layer, the diffrac-
tion peak patterns of La-Fe3O4@PDA are basically consistent
with those of La-Fe3O4, showing sharper peak shapes and the
highest intensity. These results suggest that the PDA coating
does not disrupt the structural integrity of the Fe3O4 core.
© 2026 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra00725b


Fig. 1 TEM images of (a) Fe3O4, (b) La-Fe3O4 and (c) La-Fe3O4@PDA. (d) XRD patterns. (e) Elemental analysis of La-Fe3O4. (f) FT-IR spectra.
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Together with the La-Fe3O4 core, the composite exhibits
enhanced crystallinity.

Composition and bulk distribution analysis. The elemental
composition of the prepared samples was preliminarily exam-
ined by energy-dispersive X-ray spectroscopy (EDS). The corre-
sponding EDS spectra (Fig. 1e and S1) conrmed the
coexistence of Fe, O, and La, indicating that lanthanum had
been successfully introduced into the material. However, in
order to rigorously determine whether La was uniformly
incorporated throughout the Fe3O4 particles rather than merely
existing as a surface adsorbate, X-ray photoelectron spectros-
copy (XPS) combined with in situ cluster ion etching was per-
formed. Depth proling was conducted on La-Fe3O4 particles
(with an average size of approximately 250 nm) at etching
depths of 0 nm (surface), 30 nm, and 60 nm.

As summarized in Table S1, the surface La/Fe atomic ratio is
1.92%. At depths of 30 nm (1.15%) and 60 nm (1.49%), the La/Fe
atomic ratios remain essentially constant within the typical
experimental uncertainty of XPS quantication, and are both
signicantly lower than the surface value (1.92%). This trend
indicates a slight surface segregation feature, which is
a common phenomenon in transition metal oxide systems.
Subsequently, La exhibits a uniform distribution throughout
the particles. In addition, the normalized high-resolution La 3d
and Fe 2p spectra (Fig. S2) show consistent peak shapes and
binding energies at different etching depths, further conrming
that La and Fe maintain similar chemical coordination
© 2026 The Author(s). Published by the Royal Society of Chemistry
environments from the surface to the bulk. Overall, the
constant La/Fe ratio and superimposable La 3d and Fe 2p
spectra across etching depths strongly support homogeneous
incorporation of La rather than discrete surface phases.

FTIR analysis. FTIR spectroscopy was used to investigate the
chemical structures and surface functional groups (Fig. 1f). All
samples show a broad, strong absorption band around
3390 cm−1 and a medium band at ∼1630 cm−1, assigned to the
O–H stretching vibration of surface-adsorbed water/hydroxyl
groups and the H–O–H bending vibration, respectively, indi-
cating the hydrophilic nature of the materials.

In the range of 500–600 cm−1, the peak at ∼570 cm−1 corre-
sponds to the expansion and contraction of the tetrahedral Fe–O
bond. For La-Fe3O4 samples, the Fe–O characteristic peaks are
redshied to about ∼560 cm−1, and the peak shape is slightly
widened. This change can be attributed to the incorporation of
larger-radius La3+ (z1.06 Å) into the Fe3O4 particles, which leads
to local structural distortion and a reduction in local symmetry,
thereby decreasing the force constant of the Fe–O bond.37

For samples coated with polydopamine (PDA), both Fe3-
O4@PDA and La-Fe3O4@PDA exhibit a pair of clear absorption
peaks at ∼1610 cm−1 and 1510 cm−1, corresponding to the
C]C skeleton vibration and the NH surface of the aromatic ring
in PDA, respectively. Bending vibration, which conrms that the
PDA shell layer is successfully covered on the surface of both
types of core materials. La-Fe3O4@PDA has a slightly strong
absorption peak and displacement at ∼1280 cm−1 (C–O
RSC Adv., 2026, 16, 24454–24464 | 24457
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Fig. 2 Magnetization curves of Fe3O4 and 2.5%La-Fe3O4@PDA
nanoparticles at room temperature.
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expansion vibration), and the O–H wide peak at ∼3400 cm−1 is
also more signicant. These changes may be attributed to the
coordination of La3+ with phenol hydroxyl groups, amino
Fig. 3 (a) Phosphate adsorption performance of Fe3O4, Fe3O4@PDA, and
phosphate adsorption performance of 2.5%La-Fe3O4@PDA and Fe3O4. (c
2.5%La-Fe3O4@PDA. (d) Pseudo-first-order kinetic fitting for phosphat
adsorption. (f) Effect of initial phosphate concentration on adsorption
Freundlich isotherm model fitting. (i) Sips isotherm model fitting. *Data

24458 | RSC Adv., 2026, 16, 24454–24464
groups, and other functional groups in the PDA shell, resulting
in La–O–C coordinated bonds (Fig. S3). This indicates that the
modication not only affects the Fe3O4 kernel but also regulates
the chemical environment of the PDA shell interface.

VSM analysis. Magnetic properties of Fe3O4 and 2.5%La-
Fe3O4@PDA were investigated using a vibrating sample
magnetometer (VSM) at room temperature. Fig. 2 shows the
magnetic hysteresis loops of both samples. The saturation
magnetization (Ms) of 2.5%La-Fe3O4@PDA was determined to
be 43.72 emu g−1, which is lower than that of pristine Fe3O4

(62.72 emu g−1). This decrease is attributed to the incorporation
of La3+ ions and the coating of polydopamine (PDA) on the
surface, both of which introduce non-magnetic components.
Importantly, the remanent magnetization (Mr) and coercivity
(Hc) of 2.5%La-Fe3O4@PDA are only 2.18 emu g−1 and 67.37 Oe
(Table S2), respectively, indicating so ferromagnetic behavior
that facilitates easy redispersion aer removal of the external
magnetic eld. Despite the reduced saturation magnetization,
the value remains well above the typical threshold required for
effective magnetic separation (>10 emu g−1).38 As demonstrated
in the photograph inset of Fig. 2, the 2.5%La-Fe3O4@PDA
Fe3O4@PDA with different La loading amounts. (b) Effect of pH on the
) Effect of contact time on phosphate adsorption capacity of Fe3O4 and
e adsorption. (e) Pseudo-second-order kinetic fitting for phosphate
capacity. (g) Dubinin–Radushkevich (D–R) isotherm model fitting. (h)
are shown as mean ± SD (n = 3) for all panels.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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particles can be completely attracted to a conventional magnet
within 30 s. These results conrm that the material possesses
sufficiently strong magnetism for rapid and efficient separation
from aqueous solutions, supporting its practical application in
wastewater treatment.
Adsorption performance of La-Fe3O4@PDA

Effect of La doping concentration. La doping plays a crucial
role in enhancing the phosphate capture capacity of Fe3O4-
based adsorbents, as the introduction of La3+ provides high-
affinity sites that specically bind to phosphate ions. To
systematically investigate the effect of La doping concentration
on adsorption behavior, this study prepared Fe3O4@PDA
composites with varying La doping ratios, using Fe3O4@PDA
and pure Fe3O4 as control samples (Fig. 3a). Among them, the
2.5%La-Fe3O4@PDA material exhibited the optimal adsorption
capacity, reaching 82.87 mg P per g. Compared to pure Fe3O4

(49.50 mg P per g), this represents an increase of approximately
67.3%; relative to Fe3O4@PDA (59.86 mg P per g), it also reects
an enhancement of 38.4%. These data indicate a signicant
synergistic promotion effect between La doping and the PDA
coating. As a functional carrier, PDA not only contributes to
a large number of surface functional groups but also provides
anchoring sites for La3+. On the other hand, the introduction of
La3+ further strengthens thematerial's selective recognition and
binding ability toward phosphate ions.

When the La doping ratio is further increased from 2.5% to
3.5%, the phosphate adsorption capacity of the material
declines slightly. This may be due to excessively high La3+

content covering some active sites or even causing aggregation,
resulting in a reduction of the material's effective specic
surface area and the availability of active sites. Pure Fe3O4

exhibits the lowest adsorption capacity, which is attributed to
the lack of effective surface functional group modications and
the tendency of magnetic particles to aggregate, signicantly
limiting the available adsorption sites. PDA coating treatment
brings about a notable improvement. This polymer layer not
only introduces abundant nitrogen- and oxygen-containing
functional groups, thereby enhancing the surface complexa-
tion capability, but also improves the overall stability of the
material. Moderate La doping, based on the advantages
conferred by the PDA layer, further optimizes the chemical
properties of the material surface and enhances its affinity for
phosphate.

Therefore, La doping combined with PDA modication
exhibits a clear synergistic effect in enhancing the adsorption
performance of Fe3O4, jointly optimizing the surface properties
and composition of adsorption sites of the material. Among
them, a 2.5%La doping ratio demonstrates the best phosphate
adsorption performance in this system; thus, this doping ratio
was selected for further in-depth study in the subsequent
experiments.

Effect of initial pH. The pH of the aqueous environment
plays a crucial role in the phosphate adsorption process, as it
simultaneously affects both the surface charge of the adsorbent
and the speciation of phosphate ions. Within the pH range of
© 2026 The Author(s). Published by the Royal Society of Chemistry
1.0–9.0, the adsorption performance of 2.5%La-Fe3O4@PDA
and pure Fe3O4 for phosphate was evaluated (Fig. 3b). The
results indicate that under all tested pH conditions, the
adsorption capacity of 2.5%La-Fe3O4@PDA was signicantly
higher than that of pure Fe3O4, primarily due to the synergistic
effect of La doping and PDA coating, which provides the
material with a richer set of surface functional groups and
a more optimized pore structure. At pH 3.0, 2.5%La-Fe3O4@-
PDA exhibited the highest adsorption capacity, reaching
122.98 mg P per g, approximately 87.1% higher than pure Fe3O4

(65.73 mg P per g).
It can also be observed from the gure that as the pH value

continues to increase from 3.0, the adsorption capacities of
both materials show a gradual decreasing trend. Even under
alkaline conditions (pH 9.0), 2.5%La-Fe3O4@PDA still main-
tains an adsorption capacity of 56.72 mg P per g, which is
approximately 25.2% higher than that of unmodied Fe3O4,
indicating that La doping effectively broadens the operational
pH window of the material. Although the maximum adsorption
capacity is achieved at pH 3.0 in controlled deionized water
systems, the material retains substantial phosphate removal
performance under near-neutral conditions commonly
encountered in real wastewater. As demonstrated in spiked tap
water and lake water samples (natural pH typically 6.5–8.0,
initial phosphate concentration of 20 mg P per L), the removal
efficiency exceeded 91% (Fig. 4f). This indicates that extensive
pH adjustment may not be necessary for many practical appli-
cations, thereby enhancing the feasibility of 2.5%La-Fe3O4@-
PDA despite the acidic optimum observed under idealized batch
conditions. Nevertheless, for applications requiring maximum
capacity, mild acidication could be considered as a trade-off.
Based on the above ndings, subsequent adsorption experi-
ments in simulated solutions were conducted at pH 3.0 to fully
exploit the maximum adsorption potential of the material.

Effect of contact time and adsorption kinetics. Adsorption
time is a key factor affecting the performance of adsorbents.
The effect of adsorption time on the adsorption capacity of the
adsorbents (2.5%La-Fe3O4@PDA and Fe3O4) is illustrated
(Fig. 3c). The adsorption capacities of Fe3O4 and 2.5%La-Fe3-
O4@PDA for phosphate increase with time and gradually level
off aer a certain period. Both adsorbents exhibit a faster
adsorption rate within the rst 60 min, aer which the rate
begins to stabilize. Fe3O4 and 2.5%La-Fe3O4@PDA reach
adsorption equilibrium at 360 min and 180 min, respectively.
This is because, at the initial stage of adsorption, the concen-
tration difference between phosphate in solution and the
adsorbent surface drives the rapid migration of phosphate ions
to the adsorbent surface. Meanwhile, a large number of active
adsorption sites are available on the adsorbent surface,
providing phosphate ions in the solution with more opportu-
nities to occupy these sites. As adsorption time increases, these
active sites become primarily occupied, and the negative
charges on the adsorbed anions repel phosphate ions in the
water, making further adsorption more difficult. Consequently,
the adsorption rate gradually decreases and eventually reaches
equilibrium. Since 2.5%La-Fe3O4@PDA contains lanthanum
sites as well as polar groups such as amino and hydroxyl groups,
RSC Adv., 2026, 16, 24454–24464 | 24459
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Fig. 4 (a) Effect of different adsorbent doses on the adsorption of phosphate. (b) Variation of the adsorption capacity and regeneration efficiency
of 2.5%La-Fe3O4@PDA for phosphate with the number of adsorption–desorption cycles. (c) Comparison of La leaching behavior from 2.5%La-
Fe3O4@PDA under various conditions. (d) Effect of ionic strength on phosphate adsorption by 2.5%La-Fe3O4@PDA (initial phosphate concen-
tration: 20mg P per L). (e) Effect of coexisting anions on phosphate adsorption by 2.5%La-Fe3O4@PDA (initial phosphate concentration: 20 mg P
per L). (f) Adsorption capacity of 2.5%La-Fe3O4@PDA phosphate in different media.
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its affinity and selectivity for phosphate are higher than those of
Fe3O4, facilitating the interaction between phosphate ions and
the adsorbent surface. Therefore, the equilibrium time for 2.5%
La-Fe3O4@PDA is shorter.

ln(qe − qt) = ln qe − k1t (2)

t

qt
¼ 1

k2qe2
þ t

qe
(3)

A linear relationship between ln(qe − qt) and t was observed
at different initial phosphate concentrations (Fig. 3d). The plot
was obtained by further analyzing qt versus t using the pseudo-
second-order rate law (Fig. 3e). The parameters for the pseudo-
rst order and pseudo-second-order kinetics were determined
from the slopes and intercepts of the respective curves.8 The
correlation coefficient of the pseudo-second-order kinetic
model (R2 = 0.99958) is higher than that of the pseudo-rst-
order kinetic model (R2 = 0.97167) (Table S3).

Therefore, the adsorption kinetics of 2.5%La-Fe3O4@PDA
follow a pseudo-second-order model, indicating that the
adsorption of phosphate by 2.5%La-Fe3O4@PDA may be
consistent with chemisorption; that is, electrons are shared or
exchanged between the adsorbent and the adsorbate, and
phosphate ions are adsorbed through the formation of coordi-
nation bonds or ion exchange.

Adsorption isotherms and mechanism. To investigate the
adsorption mechanism and surface properties of 2.5%La-Fe3-
O4@PDA toward phosphates, this study measured its adsorp-
tion performance within a phosphate concentration range of
100 to 300 mg P per L (Fig. 3f). The adsorption capacity (qe)
24460 | RSC Adv., 2026, 16, 24454–24464
continuously increased with rising phosphate concentrations.
This indicates that higher concentrations provide a greater
mass transfer driving force, allowing phosphate ions to fully
interact with the abundant active sites on the material's surface.
To gain a deeper understanding of the adsorption mechanism,
the Dubinin–Radushkevich (D–R), the Freundlich, and the Sips
isotherm models were used to describe the adsorption equi-
librium of 2.5%La-Fe3O4@PDA (Fig. 3g–i). These isotherm
equations can be expressed as follows:

ln qe = ln qd − Kd3
2 (4)

logqe ¼ logk þ 1

n
logCe (5)

ln

�
qe

qm � qe

�
¼ blnbþ blnCe (6)

Among them, qe (mg P per g) and qd (mol g−1) are the adsorption
capacity at equilibrium and the maximum adsorption capacity,
respectively; Kd (mol2 kJ−2) is a constant related to adsorption
energy; 3 is the Polanyi potential (3 = RT ln(1 + Ce

−1), Ce (mg P per
L) is the phosphate concentration at equilibrium); K [(mol g−1)
(mol L−1)−1/n] can be regarded as the adsorption amount per unit
concentration of phosphate; 1/n is an indicator of adsorption
intensity. qm is themaximumadsorption capacity (mg P per g); b is
an indicator of adsorption strength; b [L per mg P] is the Sips
equilibrium constant.

In addition, equilibrium parameters RL = (1 + bC0)
−1, the

highest initial solute concentration in the concentration
gradient C0 (mg P per L), and the mean free energy of adsorp-
tion Ed[(2Kd)

−1/2, kJ mol−1] were also estimated.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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The tted correlation coefficients indicate that the Sips
model has the highest correlation coefficient (R2 = 0.977),
outperforming the D–R model (R2 = 0.945) and the Freundlich
model (R2= 0.912) (Table S4). The Sips model, a combination of
the Langmuir and Freundlich models, suggests that the
adsorption process exhibits both a tendency toward monolayer
adsorption and characteristics of a heterogeneous surface. This
is highly consistent with the material design: La3+ sites with
high surface affinity contribute to monolayer adsorption, while
polydopamine (PDA) functional groups with a broader energy
distribution contribute to heterogeneous adsorption behavior,
synergistically forming a composite adsorption interface.

The Freundlich model also demonstrates a good t, further
conrming the heterogeneity of the adsorbent surface, which
aligns with the disordered structure of the PDA layer and the
uneven energy distribution of active sites. Its parameter n > 1
indicates a strong affinity between phosphate and the adsor-
bent, making the adsorption process favorable. Based on the
D–R model, the average adsorption free energy (E) was calcu-
lated to be 34.32 kJ mol−1. This value falls within the range of
20–40 kJ mol−1,39 indicating that the adsorption process is
primarily governed by chemisorption, consistent with the
potential formation of inner-sphere complexes between La3+

and PO4
3−.

To further investigate the proposed chemisorption mecha-
nism, X-ray photoelectron spectroscopy (XPS) was performed on
the material before and aer phosphate adsorption. As shown
in Table S5, the La 3d5/2 binding energy shied from 835.1 eV to
835.6 eV aer phosphate adsorption, accompanied by an
increase in the satellite-to-main peak intensity ratio (from 0.44
to 0.51). These spectral changes are characteristic of the
formation of a La–O–P inner-sphere complex, as previously re-
ported for LaPO4 and related La-based adsorbents. The Fe 2p
binding energy remained unchanged aer adsorption, ruling
out direct Fe participation in phosphate binding. The P 2p
signal approaches the detection limit, but a weak peak is still
observed at approximately 133.6 eV, which is higher than that of
free phosphate (z133.2 eV) and is consistent with La–O–P
coordination.40 Collectively, these XPS results (shi in La 3d5/2
binding energy and increased satellite intensity, together with
a weak P 2p signal at ∼133.6 eV) are consistent with the
formation of inner-sphere La–O–P complexes. Although the P
2p signal intensity is low, the observed spectral changes align
with literature reports on La-phosphate interactions and
support the chemisorption mechanism inferred from the D–R
model (E = 34.32 kJ mol−1).

Effect of adsorbent dose and performance comparison.
Fig. 4a shows the effect of different adsorbent dosages (10–50
mg) on phosphate adsorption. The adsorption capacity of
phosphate gradually decreases with the increase of the adsor-
bent dosage. Under conditions where the initial phosphate
concentration and solution volume remain constant, increasing
the adsorbent dosage provides more theoretically active sites for
adsorption to occur. However, the number of phosphate ions
adsorbed per unit mass of adsorbent correspondingly
decreases, leading to incomplete saturation of active sites. In
addition, higher adsorbent concentrations may cause
© 2026 The Author(s). Published by the Royal Society of Chemistry
aggregation between particles, reducing the effective specic
surface area and the effective utilization of active sites, further
limiting the increase in adsorption capacity.

Regeneration efficiency of La-Fe3O4@PDA. The stability and
recyclability of adsorbents during multiple adsorption–desorp-
tion cycles are crucial for improving the cost-effectiveness of the
adsorption process. In this study, a 1 M NaCl solution was
selected as the eluent for the regeneration process. Fig. 4b
shows the phosphate adsorption performance during adsorp-
tion–desorption cycles. Although the phosphate adsorption
capacity of 2.5%La-Fe3O4@PDA gradually decreased with
increasing adsorption–desorption cycles, the regeneration effi-
ciency reached 86.77% aer ve cycles.

The adsorption performance of 2.5%La-Fe3O4@PDA was
compared with previously reported phosphate adsorbents
(Table S6). Although the equilibrium time of 180 min is not the
shortest among the compared materials, it is comparable to or
even shorter than that of many conventional adsorbents, which
oen require equilibrium times of 600–1440 min.41,42 The
adsorption capacity of 123.44 mg P per g is among the higher
values reported for similar materials, indicating that the
present adsorbent exhibits competitive phosphate uptake
capability. In addition to adsorption performance, the material
offers practical advantages such as magnetic recoverability,
environmental safety, and satisfactory reusability, and low cost
of regeneration (using NaCl as the eluent), making it a prom-
ising candidate for phosphate removal applications.

To further evaluate the stability of the material during the
regeneration process, the potential leaching of La was investi-
gated under different conditions. The 2.5%La-Fe3O4@PDA was
immersed in three different media (20 mg P per L phosphate
solution, deionized water, and lake water), and La concentra-
tions in the supernatant were measured by ICP-MS at 0 h, 3 h,
and 24 h. As shown in Fig. 4c, La was below the detection limit
in deionized water at all time points. In phosphate solution and
lake water, La remained below the detection limit at 0 h and 3 h,
while a concentration of only 0.01 mg L−1 was detected at 24 h,
a value well below the detection limit and considered negligible.
These results conrm that La is stably and homogeneously
incorporated throughout the Fe3O4 particles and does not leach
into the aqueous phase during the adsorption and regeneration
processes, further supporting the excellent stability and reus-
ability of the material.

Effect of water matrix conditions on phosphate adsorption.
To evaluate the robustness of 2.5%La-Fe3O4@PDA under
various water matrix conditions, the effects of ionic strength,
coexisting anions, and real water matrices were systematically
investigated.

The inuence of ionic strength on phosphate adsorption was
examined using NaCl as the background electrolyte at concen-
trations ranging from 0 to 1.0 mol L−1. As shown in Fig. 4d, the
phosphate removal efficiency gradually decreased with
increasing ionic strength. In the absence of NaCl (control), the
removal efficiency was 91.24%. At NaCl concentrations of 0.01
and 0.05 mol L−1, the efficiencies slightly decreased to 89.68%
and 89.45%, respectively. Further increases to 0.1, 0.5, and
1.0 mol L−1 resulted in removal efficiencies of 87.13%, 87.07%,
RSC Adv., 2026, 16, 24454–24464 | 24461
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Fig. 5 Effect of different 2.5%La-Fe3O4@PDA concentrations on the
OD of Chlorella sp.
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and 86.24%, respectively. The moderate decrease in adsorption
efficiency with increasing ionic strength suggests that electro-
static interactions contribute to phosphate adsorption, but the
material retains a high removal capacity (>86%) even under
high ionic strength. This behavior is consistent with an inner-
sphere complexation mechanism, wherein specic chemical
bonding between La3+ and phosphate is the dominant driving
force.

The selectivity of 2.5%La-Fe3O4@PDA toward phosphate was
assessed in the presence of common competing anions, SO4

2−

and CO3
2−, at concentrations of 0.2 and 2.0 mmol L−1. A mixed

solution containing both anions (each at 1.0 mmol L−1) was also
tested. The initial phosphate concentration was xed at 20 mg P
per L. As shown in Fig. 4e, the control (without competing
anions) achieved a removal efficiency of 92.53%. In the presence
of 0.2 mmol L−1 SO4

2− or CO3
2−, the efficiencies were 91.91%

and 91.94%, respectively. At the higher concentration of
2.0 mmol L−1, the removal efficiencies remained above 90%.
The mixed anion system gave a removal efficiency of 91.73%.
These results demonstrate that coexisting anions do not
signicantly interfere with phosphate adsorption, conrming
the excellent selectivity of the material. This high selectivity is
also attributed to the strong affinity of La3+ sites for phosphate
via inner-sphere complexation.

To further evaluate the practical applicability of 2.5%La-
Fe3O4@PDA, the standard addition method was used to test tap
water and lake water (collected from Shihezi City). Both water
samples were ltered through 0.22 mm membrane lters to
remove suspended solids. The initial phosphate concentrations
in the raw samples were negligible. Therefore, phosphate
standard solution was spiked into each sample to achieve an
initial phosphate concentration of 20 mg P per L. Subsequently,
10 mg of 2.5%La-Fe3O4@PDA was added to 50 mL of each
spiked water sample. As shown in Fig. 4f, the phosphate
removal efficiencies in tap water and lake water were 91.76%
and 91.69%, respectively, which are comparable to those ob-
tained in deionized water (92.53%). These results demonstrate
that the material remains highly effective under near-neutral
pH conditions (the natural pH of the tested waters), even
though the maximum adsorption capacity is observed at pH 3.0
in controlled laboratory experiments. Thus, the presence of
natural organic matter and co-existing ions does not signi-
cantly impair performance, conrming the feasibility of 2.5%
La-Fe3O4@PDA for practical phosphate removal applications.

Taken together, the material exhibits stable and efficient
phosphate adsorption across a wide range of water matrix
conditions, including high ionic strength, the presence of
competing anions, and real natural water samples. These
ndings further support that phosphate uptake proceeds
primarily through an inner-sphere complexation mechanism,
and underscore the potential of 2.5%La-Fe3O4@PDA as a robust
adsorbent for real-world wastewater treatment.

Aquatic toxicity of 2.5%La-Fe3O4@PDA toward Chlorella sp..
To evaluate the potential environmental impact of 2.5%La-
Fe3O4@PDA, the growth of Chlorella sp. was monitored over 30
days in the presence of 0–200 mg L−1 of the material. As shown
in Fig. 5, the optical density (OD680) of all groups increased
24462 | RSC Adv., 2026, 16, 24454–24464
steadily from day 0 to day 30, indicating continuous algal
growth across all tested concentrations.

Notably, at higher concentrations (100 and 200 mg L−1), the
nal OD680 values were comparable to, or even slightly higher
than, those of the control group (0.8225 and 0.8725 vs. 0.7875).
This observation suggests that the material does not exert acute
toxicity toward Chlorella sp. within the tested concentration
range. The slightly lower OD values observed at low concen-
trations (20 and 40 mg L−1) may be attributed to physical effects
such as light scattering or shading caused by well-dispersed
particles in the culture medium, rather than chemical toxicity.
At higher concentrations (100 and 200 mg L−1), the particles
tend to aggregate and settle, reducing light interference and
allowing more efficient algal growth. This interpretation is
strongly supported by the negligible La leaching (<0.01 mg L−1)
conrmed by ICP-MS analysis, which rules out the possibility of
toxic metal ion release. Furthermore, scanning electron
microscopy (SEM) images of Chlorella sp. aer 30 days of
exposure (Fig. S4) showed intact cell morphology with no visible
surface damage, cracking, or lysis across all tested concentra-
tions, further conrming the absence of acute toxic effects.
Cost and scalability considerations

To assess the practical potential of 2.5%La-Fe3O4@PDA, we
estimated the raw material cost based on current market prices
(Table S7). The composite was synthesized via a simple one-pot
hydrothermal method (200 °C, 10 h) followed by room-
temperature PDA coating. The estimated raw material cost is
approximately 0.04–0.05 USD per g when excluding the recov-
erable solvent (ethylene glycol). Magnetic separation eliminates
the need for energy-intensive centrifugation or ltration,
signicantly reducing operational costs compared with non-
magnetic nano-adsorbents. The use of 1 M NaCl as a low-cost
regenerant further enhances economic viability.

From a scalability perspective, hydrothermal synthesis is
industrially mature. Future optimization may include continuous-
ow hydrothermal reactors and more cost-effective dopamine
© 2026 The Author(s). Published by the Royal Society of Chemistry
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analogs (e.g., tannic acid) to further lower costs. Although the raw
material cost (z40 USD per kg) is higher than that of some
commercial adsorbents (e.g., activated alumina or lanthanum-
modied resins, typically $5–20 per kg),25 the high reusability
(>85% capacity retention aer ve cycles) reduces the effective cost
per cycle to approximately 8 USD per kg, making the material
economically competitive on a life-cycle basis. Overall, these
attributes position 2.5%La-Fe3O4@PDA as a cost-effective and
scalable option for large-scale wastewater treatment.

Conclusions

In this study, a La-doped Fe3O4@PDA core–shell composite was
fabricated and comprehensively evaluated as a high-
performance phosphate adsorbent, with emphasis on mecha-
nistic validation of uniform La incorporation into the Fe3O4

matrix and inner-sphere La–P complexation. XPS depth
proling conrmed that La is uniformly distributed throughout
the Fe3O4 particles rather than merely present on the surface,
with a constant La/Fe ratio from the surface to 60 nm depth. The
optimized material, 2.5%La-Fe3O4@PDA, exhibited excellent
phosphate adsorption capacity (123.44 mg P per g) and rapid
equilibrium (180 min), following pseudo-second-order kinetics
and the Sips isothermmodel. XPS analysis revealed shis in the
La 3d spectra consistent with the formation of inner-sphere La–
P complexes, further supporting the chemisorption mecha-
nism. The adsorbent retained over 85% of its initial capacity
aer ve consecutive adsorption–desorption cycles using 1 M
NaCl as the eluent, demonstrating excellent reusability.
Although the maximum adsorption capacity was observed at pH
3.0 in controlled laboratory experiments, the material main-
tained high removal efficiency (>91%) in spiked real water
samples at their natural near-neutral pH, indicating its poten-
tial practical applicability without extensive pH adjustment.
Moreover, the material showed negligible La leaching (<0.01 mg
L−1) and low aquatic toxicity toward Chlorella sp., supporting its
environmental safety. This study provides a high-performance,
magnetically separable, and reusable material solution for
phosphate removal from wastewater.
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