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High-energy ball milling-driven La/Zr doping of
magnetic Na-A zeolite derived from coal gangue
for efficient phosphate removal

Xiangwu Meng,*< Jianjun Li, @2 *¥ Liangji Xu,© Changguo Xue, 2 ¢ Xuekai Wang®

and Linlin Song®

To overcome the cage-energy barriers of zeolites that limit the incorporation of large functional cations,
coal gangue (CG) was calcined and alkali-activated to synthesize Na-A zeolite. High-energy ball milling
(HEBM) of FezO4 with Na-A produced a magnetic zeolite (MZ), and a mechanochemically driven in situ
ion-exchange process enabled rapid La** incorporation to form lanthanum magnetic zeolite (LMZ) for
phosphate removal. FesO4 and Na-A were tightly interlocked at the nanoscale, forming 150-800 nm
aggregates composed of 10-20 nm nanocrystallites. The disappearance of NaCl diffraction peaks after
washing confirmed in situ Na*/La®* exchange during milling. LMZ showed a specific surface area of
91.32 m? g%, over four times that of pristine Na-A zeolite, and a saturation magnetization of 25.6 emu
g L At pH 3.0, the maximum phosphate uptake reached 44.47 mg P g~! and remained stable over five
adsorption—regeneration cycles. Under identical conditions, Zr‘”-doped zirconium magnetic zeolite
(ZMZ) displayed a similarly favorable composite structure, highlighting the generality of this strategy. This
work offers a scalable mechanochemical route for introducing large functional cations into solid-waste-
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Phosphorus (P) is an essential nutrient for aquatic ecosystems
and agricultural production, yet its excessive discharge into
water bodies has become a major environmental concern.™”
Elevated phosphate concentrations can accelerate eutrophica-
tion, triggering algal blooms, dissolved oxygen depletion,
deterioration of water quality, and the loss of aquatic biodi-
versity, thereby posing long-term risks to ecosystem stability
and human water use.® At the same time, phosphorus is a finite
and strategically important resource, and its recovery from
wastewater is increasingly regarded not only as a pollution-
control measure but also as a promising route toward resource
conservation and circular utilization.*® Against this back-
ground, the development of efficient materials capable of both
phosphate capture and potential phosphorus recovery has
attracted growing attention.®®

Zeolites have been widely used in adsorption, catalysis, and
ion exchange because of their ordered microporous structures,
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derived zeolites and developing recyclable phosphate sorbents.

tunable surface chemistry,” and tailorable framework compo-
sitions, and they have shown considerable promise in water
pollution control.” Beyond natural mineral precursors, solid
wastes such as fly ash, red mud, and coal gangue can also serve
as sustainable feedstocks for zeolite synthesis, offering a viable
route for waste valorization and cleaner production.”*** Zeolites
consist of negatively charged frameworks and charge-compen-
sating cations, and their silicon-to-aluminum ratio (Si/Al)
governs key properties such as ion-exchange capacity and
surface acidity/basicity; in general, lower Si/Al ratios favor
cation exchange."*™® These intrinsic characteristicc make
zeolites particularly attractive as host matrices for the incor-
poration of functional metal species aimed at enhancing
phosphate affinity and selectivity.

Recent efforts have focused on introducing multivalent
cations, particularly rare-earth ions, to enhance the affinity and
selectivity of zeolites toward anionic pollutants.””* Among
them, La®* shows strong affinity for phosphate, while Zr-based
sites can selectively capture phosphate through strong Lewis
acidity and stable inner-sphere coordination.>*?* However,
conventional ion-exchange and impregnation methods often
suffer from low efficiency, long processing times, and the
formation of aggregated surface phases, making it difficult to
achieve effective dispersion of rare-earth species at zeolitic
change sites.'>?® In particular, the large hydrated radii of rare-
earth ions and their sluggish diffusion kinetics impose

© 2026 The Author(s). Published by the Royal Society of Chemistry
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substantial steric and mass-transfer limitations on their entry
into zeolitic cages and exchange domains, which restricts the
efficient construction of highly accessible active sites.*®'¢*7>%
Therefore, strategies capable of overcoming these kinetic
barriers while simultaneously promoting structural activation
of the zeolite framework are highly desirable.

High-energy ball milling, as a representative mechano-
chemical approach, can promote ion exchange by inducing
solid-state activation, defect formation, and short-range diffu-
sion through intense shear and impact.'*"”?*** In addition to
promoting cation incorporation, ball-milling-induced struc-
tural reconstruction may alter pore accessibility and expose
additional reactive sites, thereby influencing adsorption
behavior. Meanwhile, the co-introduction of magnetic nano-
particles provides a practical route for the rapid magnetic
separation and recovery of adsorbents after use.**** On this
basis, this work employs CG-derived Na-A zeolite as the
substrate and uses wet high-energy ball milling to construct
magnetic composites, followed by mechanochemically enabled
in situ ion exchange to introduce metal active sites into the
zeolite phase. Particular attention is given to ball-milling-
induced structural reconstruction, ion-exchange behavior,
magnetic response, and phosphate removal performance, with
the aim of evaluating this strategy for the development of effi-
cient and recyclable zeolite-based phosphate adsorbents.

1 Experimental
1.1 Materials and chemicals

Coal gangue from the Huainan coal mine was used as the raw
material for zeolite synthesis; its main components were Al,O3,
Si0,, TiO,, and MgO, Table 1 and Table. S1 (SI). The chemicals
used were NaOH (96.0%), Na,SiOz-9H,0, NaAlO,, Fe;O,,
ZrOCl,-8H,0, C,HsO, HCl (1 mol L"), LaCl;-7H,0, and
KH,PO,. All reagents were of analytical grade and were used as
received without further purification.

1.2 Synthesis of materials

1.2.1 Preparation of Na-A zeolite. This procedure was
adapted from previous studies on the synthesis of zeolites from
solid wastes.>*>'” Fig. 1, CG was crushed and sieved through
a 200-mesh screen (75 pm). Part of the CG was calcined at 800 °©
C for 2 h in a nickel crucible using a muffle furnace (FO610C,
JPN). After cooling, the sample was activated in 0.1 mol L™ " HCI
at a solid-to-liquid ratio of 1: 2 to remove oxide impurities. The
solid was washed with deionized water to near neutral pH,
dried, mixed and ground with an equal mass of NaOH, and
recalcined at 400 °C for 2 h to obtain pretreated calcine coal
gangue (CCG). Then, 4 g of CCG was mixed with an appropriate
amount of Na,SiO;-9H,0, 0.5 g of NaAlO,, and 9 g of NaOH.

Table 1 Chemical composition of CG
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Fig.1 High-energy ball milling-metal ion exchange process.
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The mixture was stirred and aged at 150 rpm for 2 h at a liquid-
to-solid ratio of 8§ mL g~ on a digital heating magnetic stirrer
(ZNCL-DL15, CHN) to form a gel. The gel was transferred to
a 100 mL polytetrafluoroethylene reactor and crystallized at 80—
110 °C for 6-24 h in a vacuum drying oven (DZF-6050, CHN).
The product was collected by vacuum filtration through a 0.45
pm membrane (AP-01P, CHN), washed with deionized water
until the filtrate reached pH 9, and dried overnight at 40-60 °C.
The final product was denoted as Na-A zeolite.

1.2.2 Preparation of magnetic zeolite. Na-A zeolite was
acid-activated in 1.0 mol L™" HCI at a solid-to-liquid ratio of 1 :
10 at 60 °C for 4 h, then filtered, washed to neutral pH, and
dried at 105 °C for 12 h. Fe;O, and Na-A zeolite were mixed at
mass ratiosof 1:1,3:2,2:1,3:1,and 4:1, dispersed in 30 mL
ethanol, and subjected to wet high-energy ball milling in
a planetary mill (NP-100, JPN).***” Milling was performed in
a 100 mL SUS304 stainless-steel jar with steel balls (large:
medium: small = 4:10:102), a ball-to-powder ratio of 10:1,
a filling volume of 60~70%, and a rotation speed of 300 r min "
using a 15 min on/5 min off cycle for a net milling time of about
4 h, with water cooling.**** The product was magnetically
separated, washed three times with ethanol, dried overnight at
40-60 °C, and denoted as MZ-1 to MZ-5.

1.2.3 Preparation of metal-ion-doped magnetic zeolites.
MZ and LaCl; - 7H,0 were mixed in ethanol at a mass ratio of 4 :
3, ultrasonically dispersed for 30 min, and wet-ball-milled at
300 rpm for 60 h. The product was collected by magnetic
separation, washed three times with ethanol, and vacuum-dried
at 60 °C to obtain lanthanum magnetic zeolite (LMZ).'**®
Zirconium magnetic zeolite (ZMZ) was prepared analogously by
replacing LaCl;-7H,0 with ZrOCl, - 8H,0.>**

1.3 Characterizations

The morphology and microstructure of Na-A zeolite, MZ, ZMZ,
and LMZ were characterized by scanning electron microscopy

SPL N,O MgO Al 05 SiO,

P,0;

SO, K,O Ca0o TiO, Fe,0;

CG (%) 0.59 0.63 27.37 53.59
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Table 2 Model equations and fitting parameters
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Model Model name

Equation

Model parameters

Kinetic Pseudo-first order (PFO)

Pseudo-second order (PSO)

Isotherm Langmuir (L)

Freundlich (F)

Thermodynamics Adsorption thermodynamics

(SEM, JSM-7500F, JPN) and transmission electron microscopy
(TEM, Tecnai F30, NL). The crystal phases of coal gangue and
the synthesized zeolite products were analyzed by X-ray
diffraction (XRD, Smartlab SE, JPN), while functional groups
were identified by Fourier transform infrared spectroscopy (FT-
IR, Nicolet iS50, USA). The surface composition and chemical
states of the magnetic zeolites were examined by X-ray photo-
electron spectroscopy (XPS, Escalab 250Xi, USA). Specific
surface area and pore size distribution were determined by
Brunauer-Emmett-Teller (BET, V-sorb2800p, CHN) analysis.
The magnetic properties were measured using a vibrating
sample magnetometer (VSM, HH-20, CHN). The concentration
of solution was measured by ICP-AES techniques using an ICP-
AES_OPTIMA7000DV equipment.

1.4 Batch study

To evaluate phosphate removal performance, 0.1 g of Na-A
zeolite, MZ, LMZ, or ZMZ was added to 100 mL of phosphate
solution (50 mg L") and shaken at 200 r min " for 12 h at 30 °C
in a thermostatic shaker (ZHWY-2102C, CHN). Adsorption
experiments were conducted over a pH range of 2-9.%¢ After
adsorption, 5 mL of the supernatant was collected and filtered
through a 0.22 pm syringe filter to eliminate interference from
residual particles during absorbance measurement. During
solid-liquid separation, the magnetic adsorbents could be
readily collected on the inner wall of the vessel using an external
magnet, demonstrating their good separability and recovery
potential.*” LMZ reusability was evaluated by desorption in 0.5
M NaOH (1 g L™, 200 rpm, 8 h, 25 + 1 °C), followed by magnetic
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separation and phosphate analysis of the desorption solution.
The recovered solid was washed to near neutral pH and vacuum-
dried at 60 °C for 12 h to obtain regenerated LMZ. Re-adsorp-
tion was then carried out in freshly prepared phosphate solu-
tion (50 mg PL™", pH 3.0,1 gL', 200 rpm, 3 h, 25 & 1 °C). The
adsorption-desorption cycle was repeated five times. Fresh LMZ
and LMZ after five cycles were further compared over pH 2-9,
and the capacity retention was calculated."** The residual
phosphate concentration was determined by the ascorbic acid-
ammonium molybdate method (GB/T 9727-2007 and GB/T
11893-89; UV, TU-1901, China, A = 700 nm).*>*® Phosphate
adsorption was calculated by eqn (1); model parameters are
listed in Table 2.

g (C=CIV A

m

where g, is the equilibrium adsorption capacity (mg L™"; C, and
C. are the initial and equilibrium phosphate concentrations
(mg L"), respectively; V is the solution volume (L); and m is the
mass of adsorbent (g).

2 Results and discussion

2.1 Characterization and instrumentation

SEM images (Fig. S4a (SI)) show that the coal gangue (Fig. S1
(SI))-derived Na-A zeolite possesses a well-defined cubic
morphology with a particle size of about 2 pm (Fig. S2 (SI)). After
wet high-energy ball milling (Fig.S4b-d (SI)), the sharp crystal
facets and original long-range morphology disappeared, giving
irregular nanoaggregates with secondary sizes of ca. 150-800

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 TEM images and elemental mapping of LMZ (a). Elemental
mapping of (b) Si, (c) AL (d) O, (e) Fe and (f) La.

nm, indicative of fragmentation, re-agglomeration, and partial
di sordering.’>” The TEM images provide a clearer character-
ization of the structure of the LMZ sample and the distribution
of its constituent elements (Fig. 2). Fe;O, nanoparticles are
embedded and intergrown with the zeolite matrix, with particle
sizes of approximately 10-30 nm. This indicates that high-
energy wet ball milling effectively reduced both the magnetic
Fe;0, and zeolite particles to the nanoscale, while simulta-
neously promoting their physical/chemical integration, result-
ing in the LMZ sample exhibiting uniform and strong magnetic
properties.**™** ICP-OES analysis (Table S3, (SI)).

Interestingly, the spatial distribution of La atoms coincides
with that of Si and Al, while being complementary to that of Fe.
This observation suggests that La ions are uniformly distributed
within the zeolite molecular cage framework.'* EDS mapping
(Fig. S4e-m (SI)) shows uniform distributions of Na, Al, Si, O,
and Fe in MZ. In LMZ, La is strongly co-localized with Si/Al but
relatively distinct from Fe, indicating that La preferentially
resides in the zeolite phase rather than the Fe;0, domain. This
supports the occurrence of in situ Na'/La*" exchange during ball
milling."** ZMZ displays similar surface characteristics, con-
firming the versatility of the synthetic route.>**

2.2 XRD and magnetic characteristics

XRD patterns (Fig. 3a, S3 and S5b (SI)) confirm that the hydro-
thermal product is well-crystallized Na-A zeolite (PDF# 39-0222),
with characteristic reflections at (200), (220), (222), (420), (600),

(2) [—Zeolite: rorass.o222 — Fe0 porsss-1i26 —NaC rormsos] (b) 100
o Fey,0
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80f ——2zMZ
—1LMZ
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Fig.3 XRD patterns of (a) Fe304, LMZ, LMZ-NaCl, ZMZ, ZMZ-NaCl, MZ
and Na-A -zeolite; VSM magnetization curves of (b) FesO,4, ZMZ, LMZ
and MZ.
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and (622).* After wet high-energy ball milling, these reflections
become weaker and broader in MZ, LMZ, and ZMZ, indicating
decreased crystallinity and particle nanocrystallization, consis-
tent with the SEM and TEM (Fig. 2) results.**** MZ retains the
diffraction features of both Fe;O, (PDF#85-1436) and Na-A
zeolite, confirming a biphasic composite structure. LMZ and
ZMZ show similar patterns, with no detectable crystalline La- or
Zr-containing secondary phases. Together with the EDS results
showing La co-localized with Si/Al but relatively separated from
Fe, this indicates that no long-range crystalline La- or Zr-con-
taining secondary phases were detected within the XRD detec-
tion limit. Together with ICP-OES, EDS mapping, and XPS
results, this supports the incorporation of La/Zr species into the
magnetic zeolite composites, although the possibility of poorly
crystalline or amorphous La/Zr species cannot be excluded.*»*
Comparison of the unwashed and washed samples provides
supporting evidence for Na* release during mechanochemically
assisted ion exchange. In unwashed LMZ-NaCl and ZMZ-NaCl,
additional peaks at 26 = 31.7° and 45.5° match the (200) and
(220) reflections of NaCl (PDF# 99-0059), but disappear after
washing. This indicates that Na*/La*" and Na'/Zr"* exchange
occurred during milling, with released Na" reacting with CI~ to
form removable NaCl.3%**

Fig. 3b and S5b (SI), shows that MZ, LMZ, and ZMZ exhibited
saturation magnetizations of 20.3, 25.6, and 27.1 emu per g,
respectively, indicating that the composites retained sufficient
magnetic response for rapid magnetic separation. The slightly
higher apparent Ms values of LMZ and ZMZ should be inter-
preted cautiously and may be related to changes in composite
composition, particle dispersion, and removal of loosely bound
nonmagnetic residues during washing rather than to a direct
magnetic contribution from La/Zr species. Because Fe;0, and y-
Fe,0; have similar spinel structures with overlapping XRD
reflections, the magnetic component is described here as
a Fe;0,4-derived spinel magnetic iron oxide phase."”

2.3 Adsorption-desorption analysis

Fig. 4a and Table S2 (SI), the specific surface area of the zeolite
increased with decreasing crystal size. Most pores were
distributed in the range of 2-50 nm, with relatively few outside
this range, indicating that the increased hydroxide concentra-
tion promoted pore-volume development.*** Detailed crystal
structure analysis is provided in Fig. S2 and S3 (SI) and Fig. 4b,
the sample exhibited an adsorption-desorption isotherm with

&€
S

E)

—+—2.0 g NaOH+9h
—+—25g NaOH+9h
——25g NaOH+6h
Adsorption

AV/D em’ gt nm)
§F 8§ i ¢
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Volume Adsorbed (em’g” STP)
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Fig. 4 N, adsorption—desorption isotherms (a and c) and pore size
distribution curves (b and d) of Na-A zeolite, MZ, LMZ, and ZMZ.
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Table 3 BET surface properties of Na-A zeolite and MZ, LMZ and ZMZ
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BET surface

Total pore volume

Micropore volume Average pore

Adsorbents area (m> g™ %) (em® g™ (em® g™ diameter (nm)
Zeolite 24.31 0.0598 0.0067 12.89
MZ 21.03 0.1872 0.0056 45.57
LMZ 91.31 0.2152 0.0239 12.62
ZMZ 82.31 0.2395 0.0209 15.54
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Fig. 5 (a) Phosphate adsorption capacities of Na-A zeolite, MZ, LMZ,
and ZMZ; (b) effect of pH on phosphate adsorption; (c) pH-drift curves;
(d) pseudo-first-order kinetic fitting; (g) pseudo-second-order kinetic
fitting; (e and f) Langmuir and Freundlich isotherm fitting for LMZ; (h
and i) Langmuir and Freundlich isotherm fitting for ZMZ.

an H3-type hysteresis loop and no obvious saturation plateau.
Fig. 4c and d and Table 1, MZ shows little change in surface area
or micropore volume relative to Na-A zeolite, but its average
pore size and total pore volume increase by more than twofold,
indicating that co-ball milling with Fe;O, mainly generates
mesoporosity with limited disruption of the original micro-
pores.*® By contrast, LMZ exhibits a much higher surface area
(91.31 m* g~ '), nearly four times that of Na-A zeolite, and a total
pore volume of 0.2152 cm?® g~ . Its micropore volume is about
three times that of MZ, while the average pore size decreases

toward that of the parent zeolite, suggesting that La incorpo-
ration facilitates micropore reconstruction.

Both MZ and LMZ display type IV isotherms with H3
hysteresis loops at P/P, 0.4-0.9, indicating the formation of
irregular hierarchical pore structures after milling.'>** Zr
incorporation gives a similar effect: ZMZ reaches a surface area
of 82.31 m”> ¢~ " and a total pore volume of 0.2395 cm® g™, with
a broad pore-size distribution of 2-185 nm (Table 3)."”*° Thus,
the pore-structure evolution should be interpreted as the
combined result of particle fragmentation, re-aggregation,
interparticle mesoporosity, and partial micropore reconstruc-
tion induced by high-energy ball milling and La/Zr incorpora-
tion.*”> The increased surface area and pore volume are
discussed as improved site accessibility and mass-transfer
pathways rather than as definitive evidence of complete zeolitic
framework preservation.

2.4 Phosphate adsorption performance

Fig. 5a, pristine Na-A zeolite and MZ show only limited phos-
phate uptake, with maximum adsorption capacities of 6.58 and
11.36 mg g ', respectively, whereas both LMZ and ZMZ exhibit
markedly enhanced performance. In particular, LMZ reaches
34.95 mg g ', indicating that the improvement mainly arises
from the phosphate-affinitive La/Zr sites introduced by doping
rather than from simple Fe;O, incorporation.'*?**> LMZ
performs best under acidic conditions, reaching 44.47 mg g~ at
pH 3 (Table 4), whereas ZMZ shows a maximum uptake of 33.2
mg g ' at pH 2 and is more sensitive to pH variation (Fig. 5b).

At low pH, La/Zr sites are more readily protonated, which
promotes ligand exchange with H,PO,  and the formation of
inner-sphere La/Zr-O-P complexes, thereby leading to higher
phosphate uptake. As the pH increases, site deprotonation and
stronger OH™ competition cause a marked decline in adsorp-
tion.****¢ The pH-drift results in Fig. 5c¢ further support this

Table 4 Comparison of phosphate adsorption capacities among various zeolite-based adsorbents

Adsorbent Sper (m? g7) Pore diameter (nm) T (K) Dosage (g L) pH Qc(P) (mgg™) Ref.

LMZ 21.725 89.673 298 0.5 4-9 9.14 29

La-Z 52.75 5.78 303 2.0 5 17.2 32

La-A 58.0 11.45 333 1.0 6 44.0 41
BMS@ZrO, 146.57 3.55 298 0.5 2 16.47 44

Zr-GO — 2-50 298 — 5 27.71 43
Zr-FeBC 25.51 — 295 2.0 5 33.33 45

IMZ 82.31 15.54 303 1.0 3 33.2 This work
LMZ 91.31 12.62 303 1.0 3 44.47 This work
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Table 5 Equilibrium parameters of Langmuir and Freundlich models
for P adsorption onto LMZ and ZMZ

Model Langmuir

SMP LMZ ZMZ LMZ ZMZ LMZ ZMZ
T (K) Ky 1/n R

293 4.837 12.87 0.5088 4.969 0.9241 0.8677
303 4.961 14.17 0.4962 5.269 0.9193 0.8711
313 4.487 14.09 0.2108 4.839 0.9903 0.8909
Model  Freundlich

SMP LMZ ZMZ LMZ ZMZ LMZ ZMZ
T(K)  gm(mgg) Ky (Lmg™) R

293 43.688 36.72 0.0048 0.0706 0.9918 0.9974
303 49.542 38.04 0.0057 0.0759 0.9975 0.9972
313 51.616 41.38 0.0056 0.0681 0.9971 0.9973

mechan-ism: when the initial pH was 2-3, the final pH
increased to about 5-6, indicating that adsorption was accom-
panied by surface coordination/ligand exchange and proton
transfer; at higher initial pH, the final pH decreased slightly,
suggesting the involvement of surface deprotonation and H'
release*™* (eqn (2)). Overall, these results indicate that phos-
phate removal by LMZ/ZMZ is dominated by surface chemi-
sorption rather than simple electrostatic attraction.

Fig. 5d and g, the adsorption kinetics of both LMZ and ZMZ
are better described by the pseudo-second-order (PSO) model,
with R? values of 0.9956 and 0.9908, respectively, whereas the
pseudo-first-order (PFO) model shows a more pro-nounced
deviation (Table 5).**'¢%” This indicates that the rate-controlling
step is not governed solely by physical diffusion, but is more
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Fig. 6 XPS images of (a), (h): LMZ-Cl, LMZ, LMZ-P, ZMZ-Cl and
ZMZ;(b-qg) Elemental mapping of P 2p, Al 2p, Si 2p, La 3d and Fe 2p for
LMZ-P and LMZ, (i): Zr 3d for ZMZ-P, ZMZ and ZMZ-ClL.
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consistent with surface active-site reactions and ligand
exchange, together with a contribution from intraparticle
diffusion. This interpretation agrees well with the stronger
specific chemical interactions introduced by La/Zr doping and
is further supported by the XPS results (Fig. 6f and i), including
the positive shifts of La 3d (+0.5 eV) and Zr 3d (+1.0-1.2 eV), as
well as the appearance of P 2p and O 1 s (P-O) signals.'®:2%2342

The adsorption isotherms further show that LMZ is best
fitted by the Langmuir model at 303 K (Fig. 5e¢), with an R* of
0.9974 and a theoretical monolayer adsorption capacity of
49.542 mg g ', which is superior to the Freundlich (Fig. 5f, R> =
0.9766) and Temkin (Fig. 5i, R*> = 0.8909) models.?”*” ZMZ
shows the same trend, with the Langmuir model providing the
best fit (Fig. 5h and i) and a theoretical maximum adsorption
capacity of 38.04 mg g~ " (Table 6).7*** These results indicate
that phosphate adsorption on both LMZ and ZMZ is consistent
with a monolayer-like adsorption behavior involving surface
coordination and ligand exchange.

To verify the adsorption performance of the adsorbents in
the presence of interfering ions, coexisting-ion experiments
were conducted, as detailed in Fig. S7 (SI). LMZ showed good
recyclability over five adsorption-desorption cycles (Fig. S8 (SI)).
The phosphate removal efficiency decreased gradually from
about 98.5% in the first cycle to 80.0% in the fifth cycle, with
values of 95.6%, 89.7%, and 82.8% in the second, third, and
fourth cycles, respectively. Despite this decline, LMZ still
retained appreciable phosphate removal ability after repeated
regeneration, indicating good operational stability.The ther-
modynamic analysis is provided in Table. S4 (SI).

2.5 XPS and FTIR analysis

XPS results (Fig. 6a-i) provide further evidence for mechano-
chemical ion exchange and phosphate coordination. After
calibration to C 1s at 284.8 eV, LMZ and LMZ-P show Na, La, Fe,
O, Al, and Si signals in the survey spectra, whereas the
unwashed sample LMZ-CI additionally exhibits Na 1s (1071 eV)
and Cl 2p (198 eV) peaks that disappear after washing. The ZMZ
system shows the same evolution, consistent with the XRD
results, confirming in situ Na*/La** or Na*/Zr*" exchange during
ball milling with removable NaCl as the by-product.’'***> After
phosphate adsorption, LMZ-P shows a distinct P 2p doublet at
133.0-134.2 eV and an enhanced P-O component in O 1s at
531.3-531.8 eV, while Si 2p and Al 2p shift slightly to higher
binding energy and broaden, indicating changes in the local
framework environment induced by ion exchange and phos-
phate coordination.®?>42:46

The La 3d spectrum shows La 3ds, and La 3ds/, peaks at
835.6 and 852.4 eV, respectively, together with satellite peaks at
839.4 and 856.3 eV.”**** Similarly, the Zr 3d doublet in ZMZ
appears at 182.3 and 184.8 €V, in agreement with the concurrent
changes in P 2p and O 1s. The slight positive shifts of La 3d and
Zr 3d after adsorption suggest changes in the local chemical
environment of La/Zr sites. As shown in Fig. S6 (SI), the band
near 1630 cm™ " is assigned to the H-O-H bending vibration of
adsorbed water. The broad band at 1000-1050 cm ™' is mainly
associated with the overlap between zeolitic Si-O-Si/Si-O-Al
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Table 6 Kinetic fitting parameters for phosphate adsorption onto Na-A zeolite, MZ, ZMZ and LMZ
PFO kinetic model PSO kinetic model

Adsorbents Gmax (Mg g7 ge (mgg™) Ky (min™) R ge (mg g™) K, (g mg™! min™") R
Zeolite 7.1 6.12 0.0256 0.9132 7.04 0.0045 0.9467
MZ 11.99 9.47 0.1499 0.8307 10.31 0.0209 0.9204
ZMZ 22.32 21.28 0.1618 0.9511 22.68 0.0121 0.9908
LMZ 42.15 32.79 0.2186 0.9723 34.49 0.0119 0.9956

framework vibrations and phosphate-related P-O stretching
vibrations. After phosphate adsorption, LMZ-P and ZMZ-P
showed noticeable changes in this region, indicating that
phosphate species altered the surface vibration environment of
the adsorbents. In addition, the low-wavenumber band around
580 cm™ ', related to Fe-O and other metal-oxygen vibrations,
changed after adsorption, suggesting the involvement of metal-
containing sites in phosphate binding. In contrast, the Fe 2p
peaks at 710.9 and 724.5 eV remain essentially unchanged,
showing that Fe;O, mainly provides magnetic separability
rather than directly participating in phosphate binding.***

2.6 Adsorption mechanism analysis

As illustrated in the adsorption mechanism scheme (Fig. 7), Na-
A zeolite, Fe;O4, and La/Zr precursors undergo continuous
collision and shear in an ethanol medium during high-energy
ball milling, leading to the formation of magnetic zeolite
composites. The mechanochemical process promotes the inti-
mate coupling between Fe;O, and the zeolitic matrix, thereby
enabling rapid magnetic separation. Meanwhile, it facilitates
Na® exchange with La**/zr*", allowing La/Zr active sites to be
introduced into or anchored within the zeolitic framework and
pore environment. During phosphate adsorption, H,PO, /
HPO,> diffuses through the pore channels toward the La/Zr
active sites and interacts with protonated La/Zr-OH groups
under acidic conditions through ligand exchange and surface
coordination, forming La/Zr-O-P-related binding structures
eqn (3)-(6). The changes in P-O vibrations observed by FTIR
(Fig.S5 (SI)), together with the variations in P 2p, O 1s, and La/Zr
chemical environments revealed by XPS (Fig. 6), support this
process. Overall, phosphate removal by LMZ/ZMZ is mainly

i - P‘m hate'!

]
Adserption; |
I 1

Fig. 7 Adsorption mechanism diagram.

30278 | RSC Adv, 2026, 16, 30272-30280

governed by La/Zr-site-mediated surface coordination and
ligand exchange, while the hierarchical pore structure facili-
tates mass transfer and Fe;O, primarily provides magnetic
recoverability.

La-OH + H" — La-OH* (2)

La-OH + H,PO,  — La (H,PO,) + OH™ (3)
2La-OH + HPO,*~ — Lay(HPO,) + 20H "~ (4)
Zr-OH," + H,PO,~ — (Zr-OH,")(H,PO,") (5)
Zr-OH," + HPO,*~ — (Zr-OH,")(HPO,>") (6)

3 Conclusion

In conclusion, a wet high-energy ball milling/in situ ion-
exchange strategy was developed to introduce large functional
cations into Na-A zeolite while simultaneously achieving
nanoscale coupling with Fe;0, and magnetic separability. La**
doping preserved the microporous framework of Na-A zeolite
and promoted hierarchical pore reconstruction, improving site
accessibility and mass transfer. As a result, LMZ exhibited
a maximum phosphate uptake of 44.47 mg g~ ' at pH 3, while
ZMZ reached 33.2 mg g~ . Kinetic and isotherm analyses indi-
cated that phosphate adsorption was dominated by monolayer
chemisorption, and multiple lines of evidence supported
a mechanism involving in situ Na‘/La*" or Na*/Zt"* exchange
and subsequent inner-sphere La/Zr-O-P coordination. The
successful preparation of zirconium magnetic zeolite through
the same route further highlights the versatility of this strategy
for other large functional cations.
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