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A B S T R A C T

Micro- and nanoplastics (MNPs) are emerging contaminants of global concern, but their efficient removal from 
aqueous environments poses a critical challenge. This paper reports the development of anisotropic magnetite 
nanoplates (MNPLs) coated uniformly with SiO2 to yield MNPL@SiO2 as highly efficient magnetic nano
harvesters for MNPs. Engineering the SiO2 surface with aminopropyl (NH2–), octadecyl (C18–), and phenylethyl 
(Ph–) groups to tune the electrostatic, hydrophobic, and π–π interactions enabled optimally functionalized 
MNPL@SiO2 to show rapid and highly efficient MNPs remediation, with 93.4 %, 92.1 %, and 94.3 % removal 
efficiencies (REs) for 100 nm, 500 nm, and 1 μm polystyrene (PS) MNPs, within 10 min under magnetic field- 
assisted conditions. The mechanistic insights were obtained through a systematic evaluation of the MNPs 
removal kinetics and isotherms. The kinetic data followed a pseudo-second order model, indicating chemi
sorption driven by electrostatic interactions, while equilibrium adsorption isotherms conformed to the Langmuir 
model with high sorption capacity (~3630.2 mg/g), outperforming many reported nanostructured adsorbents. In 
addition to classical adsorption, a secondary mechanism—dynamic trapping—was uncovered when plate-like 
MNPL@SiO2 aggregated into hierarchical architectures under a magnetic field that physically entrap unad
sorbed MNPs within the void spaces. Dynamic trapping contributed significantly to RE enhancement, where an 
additional 18.2 % removal was shown. Reusability assessments confirmed that NH2-MNPL@SiO2 retained 
promising activity across multiple cycles after solvent cleaning. These findings highlight the synergistic contri
butions of shape anisotropy, surface engineering, and magnetic field-assisted dynamic trapping in MNPs 
removal, providing new mechanistic insights and offering a scalable approach for rapid, efficient, and sustainable 
water remediation applications.

1. Introduction

Microplastics (MPs) and nanoplastics (NPs), also combined as micro/ 
nanoplastics (MNPs), are small plastic particles. The former and latter 
have diameters of ≤5 mm and <1 μm, respectively. They originate either 
from the fragmentation of larger plastic waste caused by the extensive 
use of plastics, driven by their lightweight, low-cost, and versatile 
properties, or are intentionally manufactured for use in commercial and 
industrial products such as cleansing foams, shampoos, toothpastes, and 

paints or secondary microplastics (Pedrero et al., 2024; Perumpully 
et al., 2023).

MPs are easily dispersed across terrestrial (Hoang et al., 2024), 
aquatic (Ahmed et al., 2021; Patidar et al., 2024), and atmospheric 
(Chen et al., 2020) environments because of their tiny size, where they 
persist owing to their resistance to geochemical or biological degrada
tion (Eerkes-Medrano et al., 2015). For example, Du et al. investigated 
suspended atmospheric MPs in a coastal urban zone, which was 
fiber-dominated, and observed microbeads and films in Xiamen, China, 
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at levels of 0–0.062 items/m3, with an average of 0.010 ± 0.012 
items/m3 (Du et al., 2024). Sun et al. reported that atmospheric MPs 
deposition significantly contributes to MPs pollution in urban waters 
(Sun et al., 2022). Choi et al. observed 664 items/kg of MPs, such as 
polyethylene (PE) and polypropylene (PP), in agricultural soils in Yeoju, 
South Korea (Choi et al., 2021). Patidar et al. reported MPs in the 
pre-monsoon season in water and sediments (water: 8–26 items/L; 
sediment: 62–354 items/kg) of the Mahanadi River, India (Patidar et al., 
2023b). Cozar et al. investigated MPs, which had a concentration of 
0–2500 g/km2 on the sea surface (Cózar et al., 2014). Therefore, the 
widespread presence of MPs in oceans, rivers, soils, and even drinking 
water can pose a significant threat to the environment and health. To 
address this widespread environmental threat, following the 2022 UNEA 
resolution, global efforts now mandate a legally binding treaty to 
address plastic pollution by emphasizing the lifecycle management of 
MPs (de Sousa, 2024).

MNPs possess a range of physicochemical properties that make them 
persistent, mobile, and environmentally hazardous. MNPs are typically 
composed of hydrophobic polymers such as polyethylene (PE), poly
propylene (PP), polystyrene (PS), and polyethylene terephthalate (PET). 
This hydrophobicity enables them to absorb and concentrate toxic 
organic pollutants, such as polycyclic aromatic hydrocarbons (PAHs), 
polychlorinated biphenyls (PCBs), and pesticides from the surrounding 
environments via van der Waals forces (Sankar et al., 2023). In addition, 
depending on the type of plastics and environmental aging processes 
such as photooxidation and hydrolysis, MNPs can develop surface 
functional groups, including hydroxyl, carboxyl, or amino moieties, 
which change surface charge and modulate electrostatic interactions 
with hazardous ionic pollutants such as heavy metals, dyes, and phar
maceutical residues. Furthermore, the surface area-to-volume ratio of 
MNPs increases dramatically as plastic particles become smaller, 
particularly on the nanoscale. This enhances their reactivity and 
adsorption capacity, enabling them to act as efficient carriers for toxic 
pollutants, facilitating their transport and interaction with biological 
systems at the cellular level, and potentially allowing their entry into the 
food chain, which poses ecological and human health risks (Chen and 
Lin, 2024; Dong et al., 2020; Hu et al., 2021; Jin et al., 2022; Patidar 
et al., 2023a).

A range of conventional physical, chemical, biological, and hybrid 
techniques has been used to remove MPs from aqueous environments. 
Physical methods such as filtration, coagulation, flocculation, and 
sedimentation capture or aggregate MPs, with membranes and adsor
bents, offer high efficiency but face challenges of fouling or materials 
costs (Dayal et al., 2024; Mao et al., 2024). Chabi et al. reported that 
rapid sand filtration effectively removed MPs smaller than 10 μm with 
84 %–98 % efficiencies (Chabi et al., 2024). Chemical methods, 
including advanced oxidation processes and chemical precipitation, can 
degrade and separate MPs. Falco et al. reported 65.5 % degradation 
efficiency of 1 μm PS MPs via an electrochemical oxidation process using 
boron-doped diamond electrodes over 5 h (Falco et al., 2024). Li et al. 
showed that microbeads with sizes ranging from 1 mm to over 250 μm 
could be removed with more than 95 % efficiency using polyaluminum 
chloride, although microbeads in the 10–250 μm range posed a greater 
challenge (Li et al., 2024). Biological methods, such as biofilm-mediated 
trapping and enzymatic degradation, provide environmentally friendly 
options, but are relatively slower and less efficient. Overall, an effective 
large-scale remediation requires facile and rapid methods capable of 
removing MPs and submicron NPs with high removal efficiency, oper
ational feasibility, cost-effectiveness, and minimal secondary pollution.

Magnetite (Fe3O4), an iron oxide-based mineral with an inverse 
cubic spinel structure consisting of FeO and Fe2O3, contains Fe2+ and 
Fe3+ oxidation states (Fidelis et al., 2025). The combination of crystal 
structure and electronic configuration gives magnetite superior mag
netic properties (Mitra et al., 2024), making it a widely utilized material 
in biomedical fields, including magnetic resonance imaging (MRI) 
contrast enhancement, targeted drug delivery, and biosensor 

development, as well as in biomass harvesting, lipid extraction, and 
water treatment (Fatmawati et al., 2023; Nguyen et al., 2021). For 
example, Sumathi et al. presented the use of Fe3O4 nanoparticles for the 
sustainable harvesting of astaxanthin-producing microalgae, advancing 
the efficiency and scalability of industrial biorefinery processes 
(Sumathi et al., 2025). Bai et al. designed an integrated system 
combining adsorption, magnetic separation, and sand filtration system 
using FMCTO@Fe3O4 for As(III) removal from drinking water, showing 
a trade-off between the arsenic removal efficiency and adsorbent utili
zation rate, highlighting the importance of optimized adsorbent appli
cations in water treatment (Bai et al., 2025). Beyond these conventional 
applications, recent studies have increasingly focused on 
surface-engineering of bare magnetite to overcome its inherent limita
tions, such as oxidation and rapid aggregation. For instance, Mistral 
et al. synthesized chitosan-coated superparamagnetic Fe3O4 nano
particles that significantly improved magnetic resonance imaging (MRI) 
contrast, enhanced magnetic hyperthermia efficiency, and optimized 
drug delivery performance (Mistral et al., 2024). Seo et al. reported 
downstream integration of microalgae harvesting and cell disruption 
using cationic surfactant-decorated Fe3O4 nanoparticles, demonstrating 
the versatility of functionalized magnetite in streamlining complex 
bioprocesses (Seo et al., 2016). Liang et al. demonstrated 
surface-engineered Fe3O4 as a highly sensitive and selective chemo
sensor for detecting Cd(II) species (Liang et al., 2025).

Magnetic nanoparticles are promising candidates for removing MNPs 
using external magnetic fields. Heo et al. used spherical magnetic Fe3O4 
nanoparticles to remove micron-sized PS MPs (Heo et al., 2022). Wang 
et al. reported spherical Fe3O4 nanoparticles functionalized with 
superhydrophobic long-chain fatty acid for removing 100 nm PS MPs 
(Wang et al., 2023). Li et al. designed self-driven Fe3O4-based micro
robots for removing MNPs from aqueous environments (Li et al., 2022). 
Despite the progress, many magnetic adsorbents made of isotropic 
spherical magnetic nanoparticles showed a decline in performance after 
several adsorption/desorption cycles due to incomplete desorption, loss 
or leaching of surface functional groups, structural degradation, or 
irreversible fouling (Pervaiz et al., 2025). Also, some magnetic adsor
bents showed slower adsorption kinetics, leading to a long contact time 
to establish equilibrium (Yoon et al., 2014). In addition, spherical iron 
oxide nanoparticles showed low adsorption capacity for a broad range of 
pollutants, because their surface chemistry was not tailored to specific 
contaminants (Phouthavong et al., 2022). Therefore, achieving high 
removal efficiencies with relatively rapid kinetics and excellent reus
ability consistently, particularly for nanoscale plastics, remains a sig
nificant challenge. In addition, few studies have systematically 
investigated the effects of anisotropic morphology, interfacial in
teractions with MNPs, and magnetic field-mediated aggregation on 
removal processes.

Herein, anisotropic magnetite nanoplate (MNPL) that is thermally 
transformed from a hematite analog, was prepared and coated with a 
uniform SiO2 layer to fabricate MNPL@SiO2 as a highly efficient MNPs 
nanoharvester. The MNPL@SiO2 surface was functionalized with 
various organic groups, such as octadecyl (C18–), aminopropyl (NH2–), 
and phenylethyl (Ph–) groups, to analyze their roles in enhancing the 
hydrophobic, electrostatic, and π–π interactions with MNPs, respec
tively. This study assessed the effectiveness of the functionalized 
MNPL@SiO2 in removing MNPs from aqueous environments under 
magnetic field-assisted conditions. Removal efficiencies (REs) of 93.4 %, 
92.1 %, and 94.3 % were achieved within 10 min for 100 nm, 500 nm, 
and 1 μm PS particles as model MNPs, respectively, when optimally 
functionalized MNPL@SiO2 were applied in magnetic field-assisted 
removal processes. Systematic analyses of the removal efficiency, 
removal kinetics, and adsorption isotherms revealed important infor
mation to elucidate the underlying mechanisms of magnetic field- 
assisted MNPs removal processes using functionalized anisotropic 
MNPL@SiO2.
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2. Materials and methods

2.1. Materials

Iron (III) nitrate nonahydrate (Fe(NO3)3•9H2O, >99 %, KANTO, 
Japan), aluminum sulfate octadecahydrate (Al2(SO4)3•18H2O, ≥99 % 
Aldrich, USA), iron(III) chloride hexahydrate (FeCl3•6H2O, 98 %, Dae
jung, Korea), tetraethyl orthosilicate (TEOS) (98 %, Acros Organics, 
Belgium), cetyltrimethyl ammonium bromide (CTAB, 99 %, Daejung, 
Korea), 3-aminopropyl triethoxysilane (APTES, 99 %, Aldrich, USA), 
octadecyltriethoxysilane (ODTES, 98 %, Alfa Aesar, USA), 2-phenyle
thyltrimethoxysilane (PETMS, 97 %, Gelest Inc., USA), sodium acetate 
(98.5 %, SAMCHUN, Korea), polyethylene glycol 2000 (PEG, Alfa Aesar, 
USA), triethylamine (N(CH2CH3)3, ≥99 % Junsei, Japan), ammonium 
hydroxide aqueous solution (NH4OH, 28–30 %, Daejung, Korea), 1N 
hydrochloric acid (Daejung, Korea), acetic acid (Daejung, Korea), 
ethylene glycol (99.5 %, SAMCHUN, Korea), diethylene glycol (99 %, 
Aldrich, USA) and PS particles with sizes of 100 nm, 500 nm and 1 μm (2 
wt%, Aldrich, USA) were purchased and used as received. All other 
chemicals and solvents, including absolute ethanol and acetone, were of 
analytical ACS reagent grade and used as received.

2.2. Preparation of hematite (α-Fe2O3) nanoplate (HNPL)

HNPL was synthesized using the procedure described elsewhere 
(Jeong et al., 2023).

2.3. Preparation of SiO2-coated α-Fe2O3 nanoplate (HNPL@SiO2)

The SiO2 coating on the HNPL surface was prepared using a modified 
method reported elsewhere (Liu et al., 2014). First, 0.1 g of the 
as-prepared HNPL was dispersed in a mixture containing 15 mL of 
deionized water and 52.5 mL of anhydrous ethanol in an ultrasonic bath 
(WUC-A10H, DAIHAN, Korea; 40 kHz, 160 W) under ultrasonication for 
5 min at room temperature. Subsequently, 3 mL of an aqueous ammo
nium hydroxide solution was added to the solution under ultra
sonication for 5 min, followed by the addition of 7.5 mL of an ethanol 
solution of CTAB (15 g/L) under ultrasonication for 5 min. A 0.2 mL 
volume of TEOS in 18 mL ethanol was then added under ultrasonication 
for 30 min. The products were collected by centrifugation, rinsed three 
times with absolute ethanol and triply distilled water, and dried over
night in an oven at 60 ◦C.

2.4. Preparation of SiO2-coated magnetite (Fe3O4) nanoplate 
(MNPL@SiO2)

Samples of HNPL and HNPL@SiO2 were annealed thermally in a 
furnace under continuously flowing H2/N2 mixed gas (H2/N2 = 10:90 wt 
%) at 400 ◦C for 3 h to obtain MNPL and MNPL@SiO2, respectively.

2.5. Preparation of aminopropyl functionalized MNPL@SiO2 (NH2- 
MNPL@SiO2), octadecyl functionalized MNPL@SiO2 (C18-MNPL@SiO2) 
and mixed aminopropyl/octadecyl functionalized MNPL@SiO2 (NH2/ 
C18-MNPL@SiO2)

The MNPL@SiO2 surface was modified with aminopropyl (NH2–) 
and octadecyl (C18–) groups was achieved using a modified version of 
the method reported by Salman, Ali Dawood et al. (Salman et al., 2021). 
MNPL@SiO2 (0.125 g) was dispersed in a solution containing 7.5 mL of 
deionized water and 42.5 mL of ethanol in an ultrasonic bath 
(WUC-A10H, DAIHAN, Korea; 40 kHz, 160 W) under ultrasonication for 
10 min at 60 ◦C. Subsequently, 0.378 mL of 1N hydrochloric acid and 
0.1 mL of 1N acetic acid were added under ultrasonication for 5 min at 
60 ◦C. Subsequently, 0.1 mL of 1N acetic acid and 1.8 mmol of APTES, 
0.1 mL of 1N acetic acid and 1.8 mmol of ODTES, and 0.1 mL of 1N 
acetic acid, 1.8 mmol of APTES, and ODTES were added under 

ultrasonication for 4 h at 60 ◦C to form NH2-MNPL@SiO2, 
C18-MNPL@SiO2, and NH2/C18-MNPL@SiO2, respectively. The products 
were collected using a neodymium magnet (dimension (length × width 
× height): 50 × 25 × 10 mm) with a magnetic field strength of 4700 ±
100 G, rinsed repeatedly with absolute ethanol and triply distilled water, 
and dried in a vacuum oven at 60 ◦C.

2.6. Preparation of phenylethyl functionalized MNPL@SiO2 (Ph- 
MNPL@SiO2) and mixed aminopropyl/phenylethyl functionalized 
MNPL@SiO2 (NH2/Ph-MNPL@SiO2)

The MNPL@SiO2 surface was modified with phenylethyl (Ph–) 
groups using a modified method reported elsewhere (Kang et al., 2016). 
MNPL@SiO2 and NH2-MNPL@SiO2 (0.0625 g each) were dispersed in a 
solution containing 6.81 mL of deionized water, 0.75 mL of NH4OH, and 
60 mL of ethanol in an ultrasonic bath (WUC-A10H, DAIHAN, Korea; 40 
kHz, 160 W) under ultrasonication for 10 min at 60 ◦C. Subsequently, 
1.8 mmol of PETMS was added under ultrasonication for 6h at 60 ◦C to 
form Ph-MNPL@SiO2 and NH2/Ph-MNPL@SiO2, respectively. The 
products were collected using a neodymium magnet (dimension (length 
× width × height): 50 × 25 × 10 mm) with a magnetic field strength of 
4700 ± 100 G, rinsed repeatedly with absolute ethanol, chloroform, and 
triply distilled water, and dried in a vacuum oven at 60 ◦C.

2.7. Preparation of spherical Fe3O4 nanoparticles

Spherical Fe3O4 nanoparticles were prepared using the method re
ported by Huang et al. (2016). FeCl3•6H2O (1.35 g) was dissolved in a 
mixture of 40 mL of ethylene glycol and diethylene glycol (35:5, v/v %) 
and stirred vigorously at 600 rpm for 10 min at room temperature. 
Subsequently, 3.6 g of sodium acetate and 1.0 g of PEG were added to 
the mixture and stirred vigorously at 600 rpm for 20 min at room 
temperature. The mixture was then placed into a 75 mL Teflon-lined 
stainless-steel autoclave, sealed, and heated to 200 ◦C under autogenic 
pressure for 20 h. After the autoclaved materials were cooled to room 
temperature, the products were rinsed several times with absolute 
ethanol and triply distilled water before drying in a vacuum oven at 
60 ◦C.

2.8. Magnetic field-assisted MNPs removal experiments

PS particles, 100 nm, 500 nm, and 1 μm in size, were removed using 
functionalized MNPL@SiO2 under magnetic field-assisted equilibrium 
batch conditions. MNPs solutions at predetermined concentrations were 
made by diluting stock solutions 100 nm, 500 nm, and 1 μm PS particles 
as model MNPs. All experiments were conducted in duplicate at 25 ◦C. 
Briefly, premade MNPs solutions were added to individual 10 mL glass 
vials containing different amounts of functionalized MNPL@SiO2 and 
diluted to obtain a 5 mL solution with final concentrations of 50 mg/L 
MNPs and 500 mg/L functionalized MNPL@SiO2. The samples were 
either in an ultrasonic bath (WUC-A10H, DAIHAN, Korea; 40 kHz, 160 
W) under ultrasonication for 10 min or stirred at 500 rpm for 10 min at 
room temperature to agitate and establish the equilibrium of the sus
pension. The suspension was then placed under an external magnetic 
field using a neodymium magnet (dimension (length × width × height): 
50 × 25 × 10 mm) with a magnetic field strength of 4700 ± 100 G for 5 
min to collect MNPs-functionalized MNPL@SiO2 adducts. The remain
ing solutions were analyzed spectrophotometrically using a JP/UV-3600 
UV–VIS spectrometer (Shimadzu, Kyoto, Japan) at λ = 247 nm, quan
tifying the remaining PS particles in the solution in order to assess the 
MNPs removal. The RE was calculated using the following equation (1), 
where C0 and Cf represent the absorbance of the suspension before and 
after magnetic collection/removal of MNPs, respectively: 

Removal efficiency (RE) (%)=
C0 − Cf

C0
× 100 (1) 
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The effects of different functionalized MNPL@SiO2 dosages, agita
tion times either by sonication or magnetic stirring, pHs, and tempera
tures were investigated in the range of 100–1000 mg/L, 30 s–30 min, 
and pH 4.0–10.0, and 20–50 ◦C, respectively, with a series of MNPs 
concentrations. The optimal values of dosage, pH, and agitation time for 
yielding the maximum RE for the remaining experiments were 
determined.

The effects of the external magnetic field, generated by a neodymium 
magnet, were evaluated by comparing the REs obtained in the presence 
and absence of the applied field. Premade MNPs solutions were added to 
individual 10 mL glass vials containing different amounts of function
alized MNPL@SiO2 and diluted to obtain a 5 mL solution with final 
concentrations of 50 mg/L MNPs and 500 mg/L functionalized 
MNPL@SiO2. The samples were either placed in an ultrasonic bath 
(WUC-A10H, DAIHAN, Korea; 40 kHz, 160 W) under ultrasonication for 
10 min or stirred at 500 rpm for 10 min at room temperature to agitate 
and establish the equilibrium of the suspension. The suspension was 
then placed under an external magnetic field using a neodymium mag
net (dimension (length × width × height): 50 × 25 × 10 mm) with a 
magnetic field strength of 4700 ± 100 G for 5 min to collect MNPs- 
functionalized MNPL@SiO2 adducts. For the control experiments, the 
suspension was subjected to gravitational settling in the absence of an 
external magnetic field. After complete precipitation of the adducts, the 
supernatant was analyzed spectrophotometrically using a JP/UV-3600 
UV–VIS spectrometer (Shimadzu, Kyoto, Japan) at λ = 247 nm to 
determine the removal of MNPs by quantifying the amounts of residual 
PS particles in the solution.

For the recycling experiments, functionalized MNPL@SiO2 adsor
bents were separated from the suspension and washed twice with 5 mL 
of the designated solvent, such as water, ethanol, or acetone, under ul
trasonic agitation for 5 min. They were then separated using a neo
dymium magnet, rinsed with deionized water, and dried at 60 ◦C prior to 
reuse.

2.9. Analysis of the removal kinetics and adsorption isotherms

One of the major removal mechanisms of MNPs using functionalized 
MNPL@SiO2 is adsorption. Pseudo-first-order and pseudo-second-order 
kinetic models are frequently used to explain the adsorption-based 
processes. Pseudo-first-order kinetics are based on the assumption that 
the rate of adsorption is proportional to the number of unoccupied sites 
on the adsorbent surface. The rate equation is expressed as 

dqt

dt
= k1(qe − qt)⋯ (2) 

where t, k1, qt, and qe are the contact time (min), the pseudo-first-order 
rate constant (min− 1), the amount of adsorbed (i.e., the adsorption ca
pacity (mg⋅g− 1)) at time t, and the adsorption capacity (mg⋅g− 1) at 
equilibrium, respectively. The linearized form for fitting the data was 
derived using the following equation: 

ln(qe − qt)= ln(qe) − k1t (3) 

Pseudo-second-order kinetics are based on the assumption that the 
rate of adsorption depends on the square of the number of unoccupied 
sites on the adsorbent surface. The rate equation is expressed as 

dqt

dt
= k2(qe − qt)

2 (4) 

where k2 is the pseudo-second-order rate constant (g/(mg⋅min)). The 
linearized form for fitting the data was derived using the following 
equation: 

t
qt
=

t
qe

+
1

k2q2
e

(5) 

The best fits to the removal kinetics data were obtained by linear 

regression using Eqs. (3) and (5), respectively.
Langmuir, Freundlich, and Temkin models are the three classical 

adsorption isotherm models used to describe how the adsorbates 
interact with adsorbent surfaces. The Langmuir model assumes mono
layer adsorption on a homogeneous surface where all adsorption sites 
are identical and energetically equivalent. Once a site is occupied, no 
further adsorption occurs at that site, with no surface migration of the 
adsorbed molecules (Foo and Hameed, 2010). The Langmuir isotherm is 
expressed in the following nonlinear (6) and linearized (7) forms: 

q=
qmKLCe

1 + KLCe
(6) 

Ce

qe
=

1
qm

Ce +
1

qmKL
(7) 

where qm, qe, Ce, and KL are the maximum adsorption capacity (mg⋅g− 1), 
the adsorption capacity at equilibrium (mg⋅g− 1), the equilibrium con
centration of adsorbate (mg⋅L− 1), and the Langmuir equilibrium con
stant (L⋅mg− 1), respectively, related to the binding affinity of the 
adsorbates. The Freundlich model assumes that adsorption occurs on a 
heterogeneous surface with sites of different affinities. It describes non- 
ideal and reversible adsorption that is not limited to monolayer forma
tion. The Freundlich isotherm is expressed in the following nonlinear (8) 
and linearized (9) forms: 

qe =KFC
1
nF
e (8) 

log qe = log KF +
1
nF

log Ce (9) 

where KF is the Freundlich adsorption constant, and 1/nF is the 
adsorption intensity, i.e., a measure of surface heterogeneity. The 
adsorption process is considered favorable if 1/nF is between 0.1 and 1, 
with larger values indicating weaker adsorption but greater desorption 
and reusability. The Temkin model accounts for the effects of adsorba
te–adsorbate interactions, assuming that the adsorption enthalpy de
creases linearly as the surface coverage increases. The Temkin isotherm 
was expressed in the following nonlinear (10) and linearized (11) forms: 

qm =
RT
bT

ln(ATCe) (10) 

qm =
RT
bT

ln Ce +
RT
bT

ln AT (11) 

where R, T, AT, and bT are the gas constant (i.e., 8.314 J mol− 1 K− 1), the 
absolute temperature (K), the Temkin isotherm equilibrium binding 
constant (L⋅g− 1), and the Temkin isotherm constant related to the heat of 
adsorption (J⋅mol− 1), respectively. The linearized form of the three 
models was used to obtain best fits to the MNPs adsorption equilibrium 
isotherm data of functionalized MNPL@SiO2.

2.10. Nanoplate packing simulations

The random packing of circular nanoplates with a fixed thickness of 
25 nm was simulated to evaluate the effect of particle size and aspect 
ratio on packing behavior. The radius of the nanoplates was varied from 
350 to 200 nm, and the aspect ratio was defined as the ratio of radius to 
thickness. Each nanoplate was represented by a discrete cubic grid point 
spaced 25 nm apart within a cubic box with a side length six times the 
radius of the nanoplate. A nanoplate was initially placed at the center of 
the box, and additional nanoplates were placed sequentially. The centers 
of the new nanoplates were chosen randomly from available grid points, 
and their orientations were randomized by selecting the axis and angle 
of rotation, with transformations applied using the appropriate rotation 
matrix. The processes continued until the box could no longer accom
modate additional nanoplates. The packing ratio, defined as the fraction 
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of grid points occupied by nanoplates relative to the total number of grid 
points in the simulation box, was calculated. Random placements and 
movements were implemented using random number generators.

2.11. Statistical analysis

The experimental results are represented as the means ± standard 
deviation of three independent experiments. Origin Pro software (Ori
ginLab, USA) and Microsoft Office Excel 2016 (Microsoft, USA) were 
used for the data analysis. A student t-test was conducted using Origin 
Pro, and P values < 0.05 (*P < 0.05) were considered statistically 
significant.

3. Results and discussion

3.1. Characterization of SiO2-coated MNPL (MNPL@SiO2) and 
derivatization of the SiO2 surface with aminopropyl, octadecyl, and phenyl 
functional groups

A previous study reported a method of preparing MNPL having a 
two-dimensional anisotropic plate-like morphology thermally trans
formed from HNPL (Jeong et al., 2023). Fig. 1 shows representative 
FESEM and inset TEM images of HNPL, HNPL@SiO2, and MNPL@SiO2. 
The SiO2 coating enhanced dispersion, prevented agglomeration, and 
enabled surface engineering of MNPL with various functional groups, as 
shown in Scheme 1. Thermal conversion of HNPL to MNPL resulted in 
minimal morphological changes, as indicated by their structural simi
larity, as verified by a comparison of the average LSs and TNs of HNPL 
and MNPL based on an analysis of FESEM, TEM, and AFM measurements 
(Fig. 1 and S1). In contrast, the mean TN of MNPL increased from 6.8 ±
1.7 to 25.4 ± 6.1 nm when the amorphous SiO2 layer was grown on the 
MNPL surface to form MNPL@SiO2 (Fig. S1). In addition, the d-spacing 
values of HNPL and MNPL, determined from TEM (Fig. 1A–C) and XRD 
(Fig. 1D) measurements to investigate their crystallinity, agreed with 
those of nanostructured crystalline hematite (Jeong et al., 2025; Pan 
et al., 2024) and magnetite (Jing et al., 2025; Liang et al., 2025), 
respectively.

Fig. 2A shows the FT-IR spectra of MNPL@SiO2 and functionalized 

MNPL@SiO2 with NH2-MNPL@SiO2, C18-MNPL@SiO2, Ph- 
MNPL@SiO2, NH2/C18-MNPL@SiO2, and NH2/Ph-MNPL@SiO2 func
tional groups. All spectra exhibited common peaks between 561 and 
552 cm− 1, which were attributed to the Fe–O collective vibrations 
present in the domain of magnetite (Jeong et al., 2023). In addition, all 
spectra had IR bands at ~1048 cm− 1 that were assigned to the anti
symmetric stretching Si–O–Si vibration in disordered SiO2, consistent 
with values previously reported for silica-based nanomaterials (Shi 
et al., 2022). The weak IR bands at 1470 and 1552 cm− 1 observed only 
from aminopropyl functionalized MNPL@SiO2, such as 
NH2-MNPL@SiO2, NH2/C18-MNPL@SiO2, and NH2/Ph-MNPL@SiO2, 
were assigned to the N–H bending modes of the amino groups from 
bound APTES (Majoul et al., 2015). The IR bands at 2850 and 2920 cm− 1 

observed only from octadecyl functionalized MNPL@SiO2, such as 
C18-MNPL@SiO2 and NH2/C18-MNPL@SiO2, were attributed to the C–H 
stretching modes of the octadecyl chain from bound ODTES (Kumari 
et al., 2015; Majoul et al., 2015). The IR bands at 1454 and 1495 cm− 1 

observed only in the phenyl functionalized MNPL@SiO2, such as 
Ph-MNPL@SiO2 and NH2/Ph-MNPL@SiO2, were assigned to the char
acteristic aromatic C=C vibrations from bound PETMS (Asemani and 
Rabbani, 2020).

Fig. 2B shows survey XPS spectra of functionalized MNPL@SiO2 over 
the whole energy range, confirming the presence of Fe, Si, O, N, and C 
elements. Their high-resolution XPS scans of functionalized 
MNPL@SiO2 were analyzed by fitting the XPS data to Lor
entzian–Gaussian functions (Fig. S2–6). The resulting binding energies 
(BEs) of Fe 2p, Si 2p, O 1s, N 1s, and C 1s electrons present in func
tionalized MNPL@SiO2 were obtained, as listed in Tables S1–2. A few 
aspects of the results are worth addressing. First, high-resolution Fe 2p 
XPS scans of all the functionalized MNPL@SiO2 showed two asymmetric 
peaks assigned to Fe 2p1/2 and 2p3/2 orbitals (Jeong et al., 2023; Li et al., 
2021). The peaks were deconvoluted to identify the chemical states of 
Fe, differentiating between Fe2+ and Fe3+. The former peak was 
composed of contributions from Fe2+ at 722.6–724.8 eV and from Fe3+

at 724.0–725.3 eV, while the latter was composed of contributions from 
Fe2+ at 709.8–710.9 eV and from Fe3+ at 710.6–713.1 eV, respectively. 
The calculated Fe2+:Fe3+ ratio of 1:2.15, based on the mean relative XPS 
peak areas, closely matched the stoichiometric 0.33:0.67 ratio of bulk 

Fig. 1. Representative FESEM images of (A) as-prepared HNPL, (B) HNPL@SiO2, and (C) MNPL@SiO2. The inset presents TEM images of single (A) HNPL, (B) 
HNPL@SiO2, and (C) MNPL@SiO2, which show the amorphous SiO2 layer grown on the surface of HNPL and MNPL. (D) Powder XRD patterns of HNPL, HNPL@SiO2, 
and MNPL@SiO2. The individual peaks were indexed to the appropriate planes of crystalline α-Fe2O3 (JCPDS No. 33–0664) and Fe3O4 (JCPDS No. 19–0629).
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magnetite (Fe(II)O•Fe(III)2O3), with an inverse spinel structure (Huang 
et al., 2019; Jeong et al., 2023). Second, the deconvolution of the Si 2p 
spectra from all the functionalized MNPL@SiO2 revealed a set of four 
peaks located at ~101.3, ~102.3, ~103.3, and ~104.8 eV regardless of 
surface functionalization. These BEs were assigned to Si–C, Si–O–Fe, 
Si–O–Si, and Si–O–C/Si–O, respectively (Chen et al., 2023; Jeong et al., 

2025). Third, the deconvolutions of O 1s, N 1s, and C 1s from all the 
functionalized MNPL@SiO2 showed slight variations of the BEs because 
of their characteristic surface functionalization (Fig. S4–6, Table S2). 
Nevertheless, some of the observed features reflect the characteristic 
signatures of specific surface functionalization. Fig. S5 shows the 
deconvoluted N 1s XPS spectra of MNPL@SiO2 functionalized with 

Scheme 1. Schematic diagram of (A) the preparation, surface engineering of SiO2-coated MNPL (MNPL@SiO2) from HNPL precursor, and (B) their applications for 
magnetic field-assisted MNPs removal processes.

Fig. 2. (A) FT-IR and (B) survey XPS spectra of MNPL@SiO2, NH2-MNPL@SiO2, NH2/C18-MNPL@SiO2, C18-MNPL@SiO2, NH2/Ph-MNPL@SiO2, and Ph- 
MNPL@SiO2. The dotted lines (FT-IR) and colored regions (XPS) indicate the characteristic IR bands of specific vibrational modes and the characteristic BEs of the 
elements present in bare and functionalized MNPL@SiO2, respectively.
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aminopropyl groups, such as NH2-MNPL@SiO2, NH2/C18-MNPL@SiO2, 
and NH2/Ph-MNPL@SiO2. They were composed of two peaks located at 
~399.1 and ~401.4 eV, which were assigned to neutral amino (–NH2) 
and cationic ammonium (–NH3

+) moieties, respectively (Tomić et al., 
2021). In addition, the peak at ~286.0 eV in the deconvoluted C 1s XPS 
spectra (Fig. S6) was assigned to the C–N moieties from MNPL@SiO2 
functionalized with aminopropyl groups.

The amounts of octadecyl, aminopropyl, and phenylethyl groups 
were estimated by thermogravimetric analysis/differential thermal 
analysis (TGA/DTA). Fig. 3A presents TGA/DTA curves of functional
ized MNPL@SiO2, illustrating the weight loss profiles as a function of 
temperature. The aminopropyl group loading value of NH2- 
MNPL@SiO2, NH2/C18-MNPL@SiO2, and NH2/Ph-MNPL@SiO2 was 
determined to be ~0.508 mmol g− 1. The octadecyl group loading values 
were for C18-MNPL@SiO2 and NH2/C18-MNPL@SiO2 were ~0.149 
mmol g− 1 and ~0.113 mmol g− 1, respectively. Ph-MNPL@SiO2 and 
NH2/Ph-MNPL@SiO2 exhibited the phenylethyl group loading values of 
~0.623 and ~0.487 mmol g− 1, respectively. Note that MNPL@SiO2 
bearing mixed functional groups showed smaller loadings than those 
with single functional groups. The reduced loadings of the octadecyl and 
phenylethyl groups in mixed-functionalized MNPL@SiO2 likely result 
from competition for limited surface silanol sites and steric hindrance 
between co-functionalized groups, leading to less efficient packing and 
lower surface coverage. These factors prevent either group from 
achieving the same surface density as when functionalized alone, 
resulting in an overall lower functional group loading in the mixed 
systems.

Fig. 3B shows low-temperature N2 adsorption–desorption isotherms 
and pore size distributions of functionalized MNPL@SiO2. The shapes of 
all isotherms were similar to that of the characteristic type IV described 
in the IUPAC classification (Sing, 1985). The hysteresis loops of all 
isotherms were similar to type H1 hysteresis (IUPAC classification), 
which is commonly observed in disordered porous silica with cylindrical 
pores within the same pressure (P/P0) range (Sing, 1985; Thommes 

et al., 2015). The specific surface area (SBET) and pore size (dpore) of the 
bare and functionalized MNPL@SiO2 were determined from their 
low-temperature N2 adsorption–desorption isotherms using the BET and 
BJH models. Table S3 lists the results. The SBET and dpore of unfunc
tionalized MNPL@SiO2 were 186.6 m2 g− 1 and 1.10 nm, respectively, 
because of the SiO2 layer formed on the MNPL surface. The specific 
surface areas (SSAs) of functionalized MNPL@SiO2 were slightly lower 
than those of the unfunctionalized samples, likely due to the attachment 
of functional groups on the disordered porous SiO2 surface (Abdelsamad 
et al., 2025).

Fig. 3C presents zeta (ζ) potential measurements of bare and func
tionalized MNPL@SiO2 as a function of pH. Table S4 lists their zeta 
potentials. Bare MNPL@SiO2 exhibited all negative zeta potential values 
regardless of pH, suggesting that the SiO2-coated surface of MNPL was 
negatively charged. The zeta potential values of aminopropyl func
tionalized MNPL@SiO2, such as NH2-MNPL@SiO2, NH2/C18- 
MNPL@SiO2, and NH2/Ph-MNPL@SiO2, remained positive at pH ≤ 9 
because NH2–groups (pKa = ~9–10) were protonated under these 
conditions. On the other hand, they became negative with increasing pH 
because the amount of deprotonated NH3

+–groups likely increased.
The contact angles of the unfunctionalized MNPL@SiO2 and NH2- 

MNPL@SiO2 were 13.3◦ and 19.6◦, respectively (Fig. S7). The contact 
angles for the octadecyl functionalized MNPL@SiO2, such as C18- 
MNPL@SiO2 and NH2/C18-MNPL@SiO2, were 31.7◦ and 32.5◦, respec
tively, showing a moderate increase compared to the unfunctionalized 
MNPL@SiO2 and NH2-MNPL@SiO2, likely due to the hydrophobic 
octadecyl chains. Notably, the contact angles for the phenylethyl func
tionalized MNPL@SiO2, such as Ph-MNPL@SiO2 and NH2/Ph- 
MNPL@SiO2, were 80.6◦ and 85.6◦, respectively, with an increase 
approximately four times greater than that observed for C18-function
alized MNPL@SiO2, likely because of the highly hydrophobic phenyl
ethyl groups.

Fig. 3D presents magnetic hysteresis (M–H) curves of bare and 
functionalized MNPL@SiO2 that have a similar shape with Mr 

Fig. 3. (A) TGA, (B) N2 sorption isotherms and pore size distributions (inset), (C) pH-dependent zeta (ζ) potentials, and (D) magnetic hysteresis (M–H) measurements 
of MNPL@SiO2, NH2-MNPL@SiO2, NH2/C18-MNPL@SiO2, C18-MNPL@SiO2, NH2/Ph-MNPL@SiO2, and Ph-MNPL@SiO2.
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(11.4–14.2 emu⋅g− 1) and Hc (104.0–229.9 Oe), suggesting soft ferri
magnetic behaviors (Rincon-Iglesias et al., 2022). Table S5 lists the Ms, 
which is the maximum magnetization they can achieve under an 
external magnetic field. The Ms of bare MNPL@SiO2 was determined to 
be 51.1 emu⋅g− 1. The Ms values of functionalized MNPL@SiO2 were 
comparable to or slightly lower than the 51.1 emu⋅g− 1 obtained for bare 
MNPL@SiO2, suggesting that the functionalization of MNPL@SiO2 did 
not affect their unique physicochemical and magnetic properties.

3.2. Applications of functionalized MNPL@SiO2 for magnetic field- 
assisted MNPs removal processes

3.2.1. Effects of the shape anisotropy of magnetic nanoparticles on the 
MNPs removal efficiency

Functionalized MNPL@SiO2 was used to capture and remove MNPs 
from aqueous solutions under an external magnetic field using a per
manent neodymium magnet. The processes involved the formation of 
MNPs-functionalized MNPL@SiO2 complexes in suspension, where 
MNPs interact and adsorb onto functionalized MNPL@SiO2, followed by 
the aggregation and migration of the complexes toward the magnet. 
After magnetic separation, the resulting composite was collected from 
the solution to remove MNPs. Fig. 4A presents the REs of MNPs using 
bare and functionalized MNPL@SiO2. The RE of 100 nm diameter PS 
MNPs using plate-like MNPL (mean LS: 493.8 ± 107.5 nm; mean TN: 6.8 
± 1.7 nm) under an external magnetic field was 35.4 %, which is 
significantly higher than 1.7 % achieved using sphere-like Fe3O4 nano
particles (mean diameter: 144.5 ± 23.8 nm) (P < 0.001) (Fig. 4A). 
Studies have shown that MNPs removal using spherical Fe3O4 nano
particles involves surface adsorption as the primary mechanism, with 
the REs governed by the specific interactions at the nanoparticle inter
face (Wang et al., 2023). Considering the comparable Ms (78.5 and 65.4 
emu⋅g− 1), zeta potentials (− 0.0 ± 1.1 and − 0.8 ± 0.2 mV), and SBET 
(38.5 and 35.3 m2 g− 1) of plate-like MNPL and spherical Fe3O4 

nanoparticles, the differences in REs are likely due to the anisotropic 
plate-like morphologies of MNPL (Fig. S8 and Table S6).

3.2.2. Effects of the surface functionalization of MNPL@SiO2 on MNPs 
removal efficiency

Fig. 5D–F shows the REs of MNPs using functionalized MNPL@SiO2 
as a function of the functional groups derivatized on the surface of 
MNPL@SiO2 and the sizes of MNPs with the MNPL@SiO2 dosage of 500 
mg/L at pH = 7. A few aspects of the removal process are worth 
addressing. First, the REs of 100–1000 nm diameter PS MNPs using 
MNPL@SiO2 functionalized with aminopropyl groups, such as NH2- 
MNPL@SiO2 and NH2/C18-MNPL@SiO2 increased from 35.4 to ~95.5 % 
at 10 min of incubation. These results suggest that the increased REs can 
be attributed to the enhanced interactions between MNPs and magne
tized aminopropyl functionalized MNPL@SiO2 under an external mag
netic field. Considering the measured zeta potentials (− 20 to − 80 mV) 
of MNPs, their surface is likely to be negatively charged in the pH range 
of 3–11 (Fig. S9). At pH = 7, the zeta potentials of NH2-MNPL@SiO2 and 
NH2/C18-MNPL@SiO2 were +34.6 ± 0.8 and +31.1 ± 0.5 mV, respec
tively. These results suggest that electrostatic interactions between 
negatively charged MNPs and positively charged NH2-MNPL@SiO2 and 
NH2/C18-MNPL@SiO2 play a key role in enhancing adsorption and 
achieving >~95 % RE. These trends were consistent across all sizes of 
MNPs. Second, the REs of octadecyl and phenylethyl functionalized 
MNPL@SiO2, i.e., C18-MNPL@SiO2 and Ph-MNPL@SiO2, were minimal 
(<~3 %) unless aminopropyl groups were co-functionalized alongside 
octadecyl and phenylethyl groups. These findings suggest that electro
static interactions are more dominant than hydrophobic or π–π in
teractions in facilitating the adsorption of MNPs. Third, the REs of NH2/ 
Ph-MNPL@SiO2 at pH = 7 increased from approximately 29.3 to 66.5 % 
as the size of the MNPs increased from 100 to 1000 nm, suggesting that 
incorporating phenylethyl groups to NH2-MNPL@SiO2 enhances RE, 
likely because the highly hydrophobic phenylethyl groups reinforce 

Fig. 4. MNPs removal efficiencies (REs), expressed as percentages of the amount of MNPs removed from the aqueous environments. (A) Comparison of (left) 
spherical Fe3O4 nanoparticles and (right) plate-like MNPLs used for removing 100 nm PS MNPs. RE of NH2-MNPL@SiO2 for removing 100 nm diameter PS MNPs as a 
function of (B) dosage, (C) temperature, and (D) time during the removal process. The error bars indicate the standard deviations of three independent experiments, 
and the asterisks show the significances of the differences (*, P > 0.050, **, P < 0.005; ***, P < 0.001).
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electrostatic interactions with hydrophobic or π–π interactions (or both) 
at larger MNPs sizes. In addition, comparing the REs of NH2/C18- 
MNPL@SiO2 and NH2/Ph-MNPL@SiO2 shows that the effects of phe
nylethyl groups (contact angle: 85.6◦) at pH = 3 are greater than those of 
octadecyl chains (contact angle: 32.5◦) at pH = 7. This finding indicates 
that contact angle measurements (Fig. S7), which reflect bulk surface 
hydrophobicity, may not be sufficient to identify the dominant in
teractions at electrostatically complex nanoscale interfaces.

3.2.3. Effects of the dosage, pH, and temperature on the MNPs removal 
efficiency

Fig. 5 shows the effects of pH on 100–1000 nm diameter MNPs using 
functionalized MNPL@SiO2. At pH = 3, all MNPLs@SiO2 functionalized 
with aminopropyl groups, such as NH2-MNPL@SiO2, NH2/C18- 
MNPL@SiO2, and NH2/Ph-MNPL@SiO2 exhibited REs higher than ~75 
%, likely due to the complete protonation of NH2– to NH3

+–groups, 
maximizing the electrostatic attractions with negatively charged PS 
MNPs. Only NH2/Ph-MNPL@SiO2, exhibited a pH-dependent decline in 
RE as the pH was increased from 3 to 7, with the extent of the reduction 
varying according to the size of the MNPs. Hence, the π–π interactions or 
surface properties unique to phenylethyl groups may be sensitive to pH 
and the size of the MNPs. In contrast, the REs of all functionalized 
MNPL@SiO2 dropped below ~10 % at pH = 11. These results suggest 
that electrostatic attractions between the protonated aminopropyl 
groups of functionalized MNPL@SiO2 and negatively charged MNPs are 

the dominant removal mechanism at pH equal to or lower than 7. In 
addition, they suggest the deprotonation of aminopropyl groups 
weakens the electrostatic attraction, reducing the REs at pH > 7.

Fig. 4B and C shows the effects of functionalized MNPL@SiO2 dosage 
and incubation temperature on the REs of 100 nm diameter MNPs using 
NH2-MNPL@SiO2. The REs of MNPs increased gradually as the con
centration increased before saturation at NH2-MNPL@SiO2 concentra
tions >~800 mg/L. It was used for the remaining experiments, 
considering that a 500 mg/L dosage yielded REs of ~93.4 %. In addition, 
the REs remained above ~82 % across the temperature range of 
20–50 ◦C, suggesting that thermally activated desorption was not sig
nificant enough to interfere with the removal processes.

3.2.4. Magnetic field-assisted MNPs removal kinetics of functionalized 
MNPL@SiO2

Fig. 4D and S10 present the MNPs removal kinetics of NH2- 
MNPL@SiO2. Fig. 4 shows that more than 80 % of 100 nm diameter 
MNPs were removed rapidly using NH2-MNPL@SiO2 by electrostatic 
adsorption during the first 0.5 min of the experiments, and equilibrium 
was established as the RE reached ~95.5 % within 5 min. The results of 
NH2-MNPL@SiO2 were analyzed by obtaining the best fit to the data 
using a linearized form of the pseudo-first-order model, for which ln 
(qe–qt) was plotted as a function of t, and of the pseudo-second-order 
model, for which qt/t was plotted versus t/qe, where qe and qt is the 
equilibrium adsorption capacity and adsorption capacity measured at 

Fig. 5. MNPs REs of functionalized MNPL@SiO2. Comparison of bare MNPL@SiO2, NH2-MNPL@SiO2, mixed NH2/C18-MNPL@SiO2, C18-MNPL@SiO2, mixed NH2/ 
Ph-MNPL@SiO2, and Ph-MNPL@SiO2 for removing (A) 100 nm, (B) 500 nm, (C) 1 μm diameter PS MNPs at pH 3; (D) 100 nm, (E) 500 nm, (F) 1 μm diameter PS 
MNPs at pH 7; and (G) 100 nm, (H) 500 nm, (I) 1 μm diameter PS MNPs at pH 11, respectively. The error bars represent the standard deviations of three independent 
experiments.
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time t, respectively. The reliability of each model was assessed by 
comparing its corresponding R-squared values (R2). The inset plots in 
Fig. S10 and Table S7 show that the non-linearized and linearized forms 
of the pseudo-second-order model fit the data, resulting in a much 
higher correlation coefficient (R2 ≈ 1) than that of the pseudo-first-order 
model (R2 = 0.79). The non-linear model appears to fit the data better at 
the earlier stage (Fig. S11), while the later stage follows a linearized 
model. Overall, a reasonable agreement between the experimental (qe, 

exp) and calculated (qe,fit) values further supports the validity of the 
pseudo-second-order model.

3.2.5. Magnetic field-assisted MNPs removal isotherm of functionalized 
MNPL@SiO2

Fig. S12 shows the adsorption isotherm curves of NH2-MNPL@SiO2 
for MNPs with diameters of 100 nm, 500 nm, and 1 μm, showing the 
relationship between the equilibrium adsorption capacity (qe) and the 
equilibrium concentration (Ce) of MNPs at 25 ◦C and pH = 7.0. The 
adsorption behaviors of NH2-MNPL@SiO2 toward MNPs of 100 nm, 500 
nm, and 1 μm diameter were analyzed by fitting the isotherm data to the 
Langmuir, Freundlich, and Temkin models. Fig. S13 presents the best fits 
to the equilibrium isotherms using the linearized forms of these models. 
Table S8 lists the isotherm parameters and correlation coefficients, such 
as R2, obtained from these best fits. Based on the R2 values, the Langmuir 
model provided a reasonably good fit to the adsorption data for MNPs, 
100 nm, 500 nm, and 1 μm in diameter, using NH2-MNPL@SiO2. The 
estimated saturation adsorption capacities (qm) of NH2-MNPL@SiO2 
were 364.8, 1823.9, and 3630.2 m2 g− 1 for each size, respectively 
(Table S8). These values exceeded 99.8 m2 g− 1 of Fe-modified fly ash for 
80 nm PS particles (Zhao et al., 2022), 319.5 m2 g− 1 of Cr-based MOF 
MIL-101 MOF for 50–70 nm PS particles (Modak et al., 2023), 6.3 m2 g− 1 

of granular activated carbon for 100 nm PS particles (Arenas et al., 
2021), 44.9 m2 g− 1 of pyrolyzed biochar for <500 nm PS particles 
(Ganie et al., 2021), and 2799.2 m2 g− 1 of iron oxide nanoparticles for 1 
μm PS particles (Heo et al., 2022). In addition, a dimensionless factor RL, 
one of the characteristic parameters of the Langmuir isotherm, was 
estimated using the fitted Langmuir constant KL related to the affinity of 
binding sites and the initial MNPs concentration C0 (see Eq. S(1)). It 
provides insight into the favorability of the adsorption process, indi
cating whether it is unfavorable (RL > 1), linear (RL = 1), favorable (0 <
RL < 1), or irreversible (RL = 0) adsorption (Jang et al., 2020). The RL of 
NH2-MNPL@SiO2 for the MNPs of all sizes was between 0 and 1, sug
gesting that the adsorption is a favorable process (Table S9).

3.2.6. Effects of a magnetic field on the MNPs removal efficiency
Fig. 6 shows the effects of the external magnetic field on the REs of 

NH2-MNPL@SiO2 for 100 nm, 500 nm, and 1 μm diameter PS MNPs. The 
REs increased by 18.2 ± 2.3 %, 5.2 ± 2.4 %, and 7.2 ± 2.0 % when the 
external magnetic field was applied compared to the controls in the 
absence of the field. The observed enhancements in RE may result from 
dynamic trapping processes induced by the external magnetic field of a 
neodymium magnet (Fig. 7). Magnetic nanoplates align with the static 
or dynamic magnetic field owing to their relatively high magnetic 
anisotropy and saturation magnetization. This alignment results in the 
formation of chain-like, sheet-like, or cluster aggregates via magnetic 
dipole–dipole interactions. These structures self-organize dynamically 
in the aqueous medium, forming porous, cage-like hierarchical archi
tectures. In addition, magnetic nanoplates generate local fluid flow and 
disturbances in the surrounding solution as they aggregate and migrate 
toward the magnet. Consequently, unadsorbed MNPs are entrained by 
the converging flow fields or confined within the voids of the magne
tized NH2-MNPL@SiO2 aggregates. The physical confinement within the 
void volumes and the dynamic flow fields produced by magnetized NH2- 
MNPL@SiO2 aggregates—collectively termed dynamic trap
ping—effectively prevent unadsorbed MNPs from escaping via me
chanical or hydrodynamic entrapment. Once the aggregates are 
magnetically collected, unadsorbed MNPs trapped within the interstitial 

voids, even if not adsorbed on the surface of NH2-MNPL@SiO2, are 
concurrently removed.

A few experimental findings are consistent with the proposed hy
pothesis. First, the RE enhancement of unfunctionalized spherical Fe3O4 
nanoparticles and plate-like MNPLs without SiO2 coating in the presence 
of a magnetic field was less than 1 % and 5 % for 100 nm diameter 
MNPs, respectively. Notably, the RE of unfunctionalized MNPL@SiO2, 
which has a negatively charged surface, in the presence of a magnetic 
field was less than 5 %, which is lower than the RE enhancement of the 
controls achieved by NH2-MNPL@SiO2 for 100 nm diameter MNPs. 
These results suggest that dynamic trapping is likely affected by the 
morphological differences between isotropic (i.e., spherical) and 
anisotropic (i.e., plate-like) nanostructures, which dictate the packing of 
their disordered aggregates. In addition, they suggest that dynamic 
trapping alone without specific surface interactions may be insufficient 
to account for the observed RE improvement. Second, the magnitude of 
the RE enhancements for NH2-MNPL@SiO2 depended on the MNPs’ 
sizes compared to the controls in the absence of a magnetic field (Fig. 6). 
The RE of the controls without an external magnetic field was compa
rable to the maximum RE of NH2-MNPL@SiO2, as determined by the 
adsorption isotherms under saturation conditions. Third, under typical 
experimental conditions (50 mg/L MNPs and 500 mg/L magnetic 
nanoplate dosage), the additional amount of 100 nm diameter MNPs 
trapped was estimated to be approximately 24 % of the total MNPs 
removed via saturation adsorption. Assuming that the MNPs concen
tration (50 mg/L) remains constant over the 0–30 min removal process, 
the volume fraction containing additionally trapped 100 nm, 500 nm, 
and 1 μm diameter MNPs corresponds to approximately 43, 23, and 15 
% of the total volume of 50 mg/L MNPs solution used for the removal 
experiments (Table S10). Fig. S14 and Table S11 show the packing 
fractions calculated from models of magnetic nanoplate aggregation 
with various geometric aspect ratios. The packing fraction of NH2- 
MNPL@SiO2 (LS: ~300 nm; TN: ~25 nm; aspect ratio: ~12) was esti
mated to be no greater than ~45 %, which would be even lower if other 
parameters, such as the LS and TN distributions of NH2-MNPL@SiO2, 
were considered. These results suggest that the aggregates have sub
stantial void volumes due to structural disorder within the hierarchical 
assembly formed under magnetic field-assisted conditions. Conse
quently, the magnetic field-assisted aggregation of NH2-MNPL@SiO2 
can significantly increase the amount of captured MNPs within void 

Fig. 6. Effects of an external magnetic field on the REs of NH2-MNPL@SiO2 for 
100 nm, 500 nm, and 1 μm diameter PS MNPs. The error bars indicate the 
standard deviations of three independent experiments, and the asterisks show 
the significances of the differences (*, P > 0.050, **, P < 0.005; ***, P < 0.001).
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volumes by dynamically entrapping unadsorbed MNPs, thereby 
contributing to the RE enhancements under magnetic field conditions. 
Lastly, the RE enhancement observed for 500 nm and 1 μm diameter 
MNPs was less than 50 % of that observed for 100 nm diameter MNPs, 
possibly because the larger MNPs were sterically more hindered and 
therefore less likely to be dynamically trapped or confined within the 
void structures of the aggregates than the smaller ones. Overall, higher 
observed REs than those predicted by electrostatic adsorption alone as 
the primary removal mechanism suggest that dynamic trapping plays an 
important secondary role in the MNPs removal process.

3.2.7. Recovery and recycling of functionalized MNPL@SiO2
A series of experiments was conducted to assess the recovery and 

recycling potential of functionalized MNPL@SiO2. As shown in Fig. S15, 
the cleaning efficiency of NH2-MNPL@SiO2 to remove 100 nm MNPs 
was evaluated along with the corresponding SEM images. Among the 
solvents tested, acetone showed the highest cleaning efficiency at ~85 
%. The recycling feasibility was further investigated by measuring the 
REs over three cycles of the removal process. The REs decreased by no 
more than ~5 % during the first two cycles, as shown in Fig. S16. On the 
other hand, they decreased to ~45 % after the third cycle. FT-IR analysis 
on the NH2-MNPL@SiO2 adsorbents after multiple cycles confirmed that 
the core of the NH2-MNPL@SiO2 adsorbents and the functionalized 
surface remain intact, without any structural disruption or leaching of 
the grafted functional groups (Fig. S17). Therefore, the decrease in RE 
after the third cycle was attributed to incomplete regeneration (i.e., 
~85 % cleaning efficiency) rather than structural deterioration. 
Nevertheless, these results suggest that while functionalized 
MNPL@SiO2 holds considerable promise and potential for reuse, there is 
still room for further improvement.

4. Conclusions

Magnetic field-assisted removal experiments showed that the 
anisotropic shape of the functionalized MNPL@SiO2 plays a crucial role 
in enhancing REs. Compared to spherical Fe3O4 nanoparticles, plate-like 
functionalized MNPL@SiO2 achieved significantly higher REs (i.e., 35.4 
% vs. 1.7 %) for 100 nm diameter MNPs under identical conditions. This 
improvement was attributed primarily to its plate-like geometry, offer
ing higher specific surface areas and directional anisotropy, leading to 

unique aggregation behavior with a characteristic interfacial contact 
area under a magnetic field.

Surface functionalization is a key factor affecting MNPs capture and 
removal processes. Aminopropyl functionalized MNPL@SiO2, such as 
NH2-MNPL@SiO2 and NH2/C18-MNPL@SiO2, achieved high REs (>95 
%) across various MNPs sizes, due primarily to strong electrostatic 
attraction between the positively charged, protonated amine and 
negatively charged MNPs surfaces at neutral pH. In contrast, octadecyl- 
and phenylethyl-functionalized MNPL@SiO2, such as C18-MNPL@SiO2 
and Ph-MNPL@SiO2, exhibited minimal REs (<3 %) when not co- 
functionalized with aminopropyl groups, indicating limited contribu
tions from hydrophobic or π–π interactions under the tested removal 
conditions.

An analysis of the MNPs adsorption kinetics and isotherms provided 
insight into the removal mechanisms. The kinetic data showed a good fit 
to the pseudo-second-order model, particularly during the initial stage, 
indicating chemisorption via surface complexation driven by electro
static interactions. The Langmuir model produced a best fit for the 
isotherm data with high saturation adsorption capacities (qm) of up to 
3630.2 m2 g− 1 for 1 μm diameter MNPs, surpassing other nano
structured adsorbents, such as Fe-modified fly ash and granular acti
vated carbon (Table S12).

An important secondary removal mechanism was identified, called 
dynamic trapping, induced by magnetic field-mediated aggregation of 
functionalized MNPL@SiO2. This process, unique to the magnetic 
anisotropy of the plate-like MNPL@SiO2, involves forming hierarchical 
porous aggregates that can physically entrap additional unadsorbed 
MNPs within their interstitial voids, even when the adsorption sites are 
saturated. The experimental results and modeling showed that dynamic 
trapping accounted for a substantial fraction of the RE increases, espe
cially for smaller MNPs (e.g., 18.2 ± 2.3 % RE enhancement for 100 nm 
MNPs). Lastly, the reusability of NH2-MNPL@SiO2 was assessed through 
repeated cycles of MNPs removal and solvent cleaning. The results 
suggest that functionalized MNPL@SiO2 has promising potential for 
reuse.

These findings hold significance from both engineering and scientific 
perspectives. First, the enhanced RE of MNPs can be attributed to the 
shape anisotropy of MNPL. Unlike their surface area or magnetization 
properties, their anisotropic morphology promotes more effective in
teractions and aggregation with MNPs under an external magnetic field. 

Fig. 7. Schematic illustration of the dynamic trapping process as a potential mechanism for RE enhancement in magnetic field-assisted MNPs removal.
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The synergy between the anisotropic morphology and tailored surface 
functionalization enables rapid, highly efficient, and size-tunable MNPs 
removal, achieving more than ~95 % RE for MNPs with sizes ranging 
from 100 to 1000 nm within 10 min. Second, the discovery of dynamic 
trapping, a magnetic field-driven physical confinement mechanism for 
capturing MNPs, introduces a previously unrecognized pathway for 
MNPs removal, offering a novel mechanistic insight into functional 
nanomaterial-assisted pollutant removal beyond classical adsorption 
models.

Scaling up functionalized MNPL@SiO2-based MNPs removal pro
cesses from the laboratory to pilot or industrial operations faces multiple 
challenges. For example, producing large quantities of MNPL@SiO2 
adsorbents with controlled lateral size, thickness, and uniform crystal
line magnetic domains passivated with a precise silica shell, along with 
robust surface functionalization steps, requires quality control to ensure 
batch-to-batch reproducibility and consistency. While magnetic sepa
ration performs very well in laboratory settings, maintaining high sep
aration efficiency becomes more challenging when scaling up to larger 
volumes and higher flow rates. In addition, generating a strong, uniform 
magnetic field or gradient suitable for effective separation and recovery 
in a large-volume reactor is a nontrivial task that demands a sophisti
cated system design. Moreover, establishing reliable regeneration cycles 
for functionalized MNPL@SiO2 adsorbents remains a barrier to ensuring 
their long-term reusability in large-scale industrial applications. These 
challenges are accompanied by economic feasibility that is contingent 
on time, cost, and environmental and safety constraints in real-world, 
continuous, high-throughput processes. Addressing these challenges, 
along with our findings, has important implications and can present new 
opportunities for developing rapid, efficient, and sustainable 
nanomaterials-based solutions for industrial effluent treatment, waste
water management, and broad natural water purification.
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