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A B S T R A C T

The escalation of microplastics/nanoplastics (MPs/NPs) contamination in aqueous systems has ignited consid-
erable concern. Magnetic separation has emerged as a promising remedy for the removal of these pollutants,
owing to its notable removal efficiency, cost-effectiveness, and environmentally friendly attributes. This study
presents the utilization of ultra-thin magnetic Fe3O4 nanodiscs (NDs) for the adsorption and separation of MPs/
NPs. Investigations revealed that these NDs could effectively adsorb/remove MPs/NPs across a spectrum ranging
from micro- to nano-scale, exhibiting a notable adsorption capacity of 188.4 mg g− 1. Mechanistically, MPs/NPs
adsorption was driven by both electrostatic and magnetic forces originating from the vortex domain of NDs,
which can be well described by pseudo-first-order and Sips models. Furthermore, the NDs exhibited outstanding
reusability, maintaining over 90 % removal efficiency even after undergoing five cycles. This research introduces
a cost-effective method for the separation of MPs/NPs, representing a significant stride in wastewater treatment
methodologies.

1. Introduction

In the 21st century, the dependence of humans on plastics or plastic
products has resulted in the large-scale production and extensive utili-
zation of plastics, which has also intensified the mass spread of plastic
waste and pollution [1]. According to statistical findings, a cumulative
6,300 million metric tons of plastic waste has been generated from the
1950 s to 2015, whereas merely 10 % of the produced plastic waste
possesses the capacity for recyclability [2,3]. Plastic waste may be
degraded by mechanical force, weathering, and microorganisms,
thereby fragmenting into small debris referred to as microplastics (MPs)
and nanoplastics (NPs) [4–6]. The term “microplastics,” initially intro-
duced by R. Thompson et al. in 2004, pertains to plastic fragments with a
diameter of less than 5 mm [7,8]. The generated MPs may progressively
amass in soil [9,10], sediment [11,12], and river [13], ultimately
finding their way into the ocean [14]. The hazards associated with

microplastics can be attributed to the following factors: (1) the leaching
of toxic monomers and additives, (2) the release of the deleterious
volatile organic compounds; (3) adsorbing persistent organic pollutants
[15]. With the accrual of MPs within the ecosystem, MP pollution pre-
sents an underlying threat to terrestrial and marine ecosystems [16–18]
and human health [19,20]. In instances of the widespread presence of
MPs in the ecosystem, the removal and decomposition of MPs become a
major global concern. Accordingly, a comprehensive exploration and
development of methods and strategies to mitigate microplastic pollu-
tion are warranted.

In recent years, MP separation methods from an aqueous environ-
ment have been extensively developed, including filtration [21], froth
separation [22], oil separation [23], magnetic separation [24], etc.
Magnetic separation has attracted special attention due to its low cost,
non-toxicity, and high efficiency. The principle underlying magnetic
separation primarily hinges on the hydrophobic nature of MPs and the
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subsequent magnetizing of MPs, enabling them binding with magnetic
materials. The movement of magnetized MPs can be influenced by
magnets or an applied magnetic field, facilitating their facile removal
from wastewater. In such cases, magnetic materials with strong hydro-
phobicity were applied for the magnetic separation of MPs. For an
example, Fe nanoparticles hydrophobized by hexadecyltrimethox-
ysilane through surface modification could effectively adhere to the
surface of MPs and magnetize them thereafter. This methodology
attained excellent removal efficiency of 96 % and 88 % for polyethylene
(PE) and polystyrene (PS) MPs (particle size < 20 μm), respectively,
which were dissolved in artificial seawater [24]. Likewise, magnetite
(Fe3O4) particles were used to separate polymethylmethacrylate
(PMMA) and polyvinylchloride (PVC) MPs in pure water, yielding an
approximate removal efficiency of 95 % within an optimal pH range
[25]. Shi et al also used 30 nm of Fe3O4 nanoparticles to magnetize MPs
and separate them from aqueous matrices by a magnet. For the PE,
polypropylene (PP), PS and polyethylene terephthalate (PET) with a size
of 200 nm, the optimal removal efficiency could reach 98 % [26]. Based
on the surface modification with long-chain compounds, Wang et al.
used Fe3O4 nanoparticles coated with fatty acid to obtain an adsorption
efficiency of 92.89 % and an exceptional PS adsorption capacity of
809.29 mg g− 1 [27]. For the surface functionalized magnetic nano-
particles and composites, the fabrication methods are complex and time-
consuming. Moreover, these organic functional groups or composite
components may leach into the aqueous environment during magnetic
separation, leading to secondary contamination and the plastic pollutant
exists in both nano and micro sizes. In addition to the magnetic nano-
particles, some magnetic adsorbents were also applied to MPs adsorp-
tion and removal. For instance, composites incorporating fly ash
modified with Fe were synthesized to efficiently remove PS NPs while
demonstrating a notable adsorption capacity (83.1 mg g− 1) [28]. Mag-
netic biochar has been extensively used to remove organic pollutants
and MPs in wastewater due to the advantages of porous structure and
low cost [29–31]. Likewise, N. Singh et al. used magnetic biochar
composite to remove NPs by utilizing its high surface area [32]. How-
ever, the removal efficiency significantly decreased after utilizing the
composite for five cycles. In practical wastewater, the active sites might
be permanently filled by pollutants affecting the removal efficiency
[33]. Hence, it is imperative to advancemagnetic adsorbents to facilitate
the facile adsorption and removal of plastic pollutant from both micro
and nano scale with excellent reusability.

Magnetic ferrite nanodiscs (NDs) possess a special vortex domain
magnetic state, [34] having the attributes of environmental friendliness,
low cost and low toxicity. Therefore, magnetic nanostructures with
vortex domain magnetic states have been widely used for magnetic
resonance imaging [35,36], magnetic hyperthermia [37], bacteria
detection [38], electrocatalysis [39] and wastewater treatment [40].

In this work, we synthesized 2D ultra-thin magnetic NDs using a
hydrothermal method for adsorbing and separating MPs/NPs in an
aquatic environment. These NDs have demonstrated remarkable
adsorption capabilities of plastics pollutant from micro- to nano-scales
with a high efficiency and reusability. The primary emphasis of the
investigation is centred on the adsorption kinetics and isothermal
analysis of the 100 nm NPs. The examination of adsorption interactions
and processes were carried out utilizing scanning electron microscopy
(SEM), photoluminescence (PL) spectrometry, and Fourier-transform
infrared (FTIR) spectroscopy. In addition, the mechanism of magnetic
separation and the contribution of magnetic materials exhibiting diverse
magnetic states to the adsorption of magnetic particles were deliberated.
The findings may furnish a novel theoretical reference for subsequent
investigations into the removal of MPs.

2. Experimental procedures

2.1. Materials and chemicals

Iron (III) nitrate nonahydrate (Fe2(NO3)3⋅9H2O), aluminium chlo-
ride (AlCl3), and triethylamine (TEA) were purchased from Sigma-
Aldrich. Polyamide (PA), PE, PP, PET, PS, PMMA, and PVC MPs were
purchased from Mingyuexing Plastic Technology Co., Ltd., China. 100
nm of PS microbead suspension was purchased from Sigma-Aldrich. All
the chemicals were used without further purification. Deionized (DI)
water was sourced from the material science laboratory of University of
Newcastle and the seawater was sourced from the Newcastle Beach,
Australia.

2.2. Synthesis of iron oxide NDs

Iron oxide (α-Fe2O3) NDs were prepared hydrothermally by dis-
solving 0.647 g Fe2(NO3)3⋅9H2O and 0.08 g AlCl3 in 16 ml DI water and
stirring for 30 min. 4.6 ml of triethanolamine was then added to this
mixture dropwise, and the stirring was continued for another 20 min.
The well-mixed solution was sealed to a PPL (polyphenyl)-lined
stainless-steel autoclave and treated at 160 ℃ for 24 h. The autoclave
was cooled to room temperature, and the samples were collected and
separated by centrifugation at 4500 rpm, then washed with DI water and
ethanol for 5 times, and the final product was dried in vacuum at 80℃
overnight.

The Fe3O4 NDs were prepared by annealing α-Fe2O3 NDs in a tube
furnace at 400℃, under a constant flow (100 sccm) of 5 % H2 in argon
for 5 h where the heating rate was maintained at 5 ℃/min. After
annealing, the sample was cooled to room temperature and remained at
this temperature for 5 h before being removed from the furnace.

2.3. Material characterization

The morphologies of iron oxide NDs and different kinds of MP
nanostructures were examined by JEOL FE 7900F SEM. The crystal
structure of Fe3O4 was investigated by JEOL F200 transmission electron
microscope (TEM) at 200 kV voltage. Powder X-ray diffraction (XRD)
patterns were measured by Bragg-Brentano geometric PANalytical
Empyrean platform with a 0.1◦ fixed divergence slit and GaliPIX3D

multi-pixel detector. The XRD patterns were obtained by CuKα radiation
source (λ = 1.541 Å) at 40 kV and 40 mA with a scan rate of 0.002◦/sec
from 10 to 80◦. The specific surface area of NDs was determined by
Brunauer-Emmett-Teller (BET) method and pore volume was measured
at relative pressure (p/p0) = 0.99. Magnetic properties were investi-
gated by a superconducting quantum interference device (SQUID,
Quantum design-PPMS). The thickness of NDs was measured by atomic
force microscope (AFM) (NTEGRA II). The fluorescence spectra were
recorded with a Perkin Elmer LS55 Luminescence spectrophotometer.
The functional groups of NDs and MPs were determined by Fourier
transform infrared spectra, obtained with a Perkin Elmer Frontier FTIR/
NIR spectrometer using the KBr disk method. X-ray photoelectron
spectroscopy (XPS) analysis was carried out using the multiprobe
photoelectron spectrometer from Omicron Nanotechnology. Peak fitting
and atomic concentrations were carried out using the Avantage
software.

2.4. Preliminary MP separation experiments

Two types of MPs, i.e. PMMA and PS, in three different sizes (10 μm,
500 nm, and 100 nm) were used for investigating the adsorption ca-
pacity of NDs. 60 mg L− 1 of MPs and 5 mg NDs were dispersed in 15 ml
DI water and sonicated for 20 min. The MP suspension after sonication
was incubated in an orbital shaker at 180 rpm at room temperature for 6
h. Then, the magnetized MPs were separated from the suspension by a
strong permenant magnet and dried in a vacuum oven at 60 ℃
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overnight. The separated MPs were weighed by an analytical balance
with the precision of 0.005 mg after fully dried, and the recovery rate (η)
was determined by eq1,

η =
m
M

× 100% (1)

Where, η (%) is the recovery rate of MPs; m (mg) is the mass of separated
MPs from suspension; M (mg) is the initial mass of MPs.

The adsorption capacity of NDs for 100 nm NPs was further studied.
Specifically, 5 mg of NDs was added to varied concentrations of NP
suspensions (10–150 mg L− 1), and a varied amount of NDs (0.5–10 mg)
was used to absorb a constant 60 mg L− 1 of NPs. The recovery rate (η)
was determined by eq1.

2.5. PL analysis in MP separation

The variation of MP concentration in suspension before and after
separation was measured by a PL spectrometer. The suspension through
magnetic separation was measured at 470 nm of Ex and 620 nm of Em.

2.6. Adsorption of MP by NDs and separation mechanism

To investigate the impact on adsorption under different environ-
mental factors, the separation experiments were carried out at different
pH values (3–11) and temperatures (298 K, 308 K, and 318 K). For a
series of batch adsorption experiments, 5 mg NDs as an adsorbent was
added to 60 mg L− 1 of NP suspension and incubated in an orbital shaker
at 180 rpm for 0 to 180 min. The adsorption conditions were kept the
same for real water experiments and the water environment is the
seawater with a pH of 7.8.

The adsorption capacity (qe) was determined by eq2, where c0 and ce
(mg L− 1) are the concentration of MPs at the initial and equilibrium
state; V (mL) is the MP suspension volume; m is the mass of adsorbent.

qe =
(c0 − ce)V

m
(2)

In addition, adsorption kinetics and isothermal models were applied to
understand the interaction between NDs and MPs. The corresponding
equations utilized for calculations are shown in Supporting Information.

2.7. Reusability of NDs on MP removal

Thermogravimetric analysis (TGA) was conducted by a simultaneous
thermal analyser, from PerkinElmer, loading 5 mg of mixture containing
the recovered NDs and MPs in an alumina crucible and heating it from
35 to 800 ℃ at 5 ℃/min under an N2 atmosphere of 20 mL/min. The
reusability of the prepared NDs was confirmed through repeated
adsorption experiments for the same concentration of the MP suspen-
sion. The mixture of NDs andMPs after weighing was heated at 500℃ in
tubular furnace for 2 h under N2 atmosphere to remove MPs completely.

The calcined NDs were added to 60 mg L− 1 MP suspension, which was
recycled 5 times, and the removal rate was determined by eq1.

3. Results and discussion

3.1. Characterization of NDs and MPs

The synthesis process of Fe3O4 NDs is schematically represented in
Fig. 1. Themorphological features of Fe3O4 NDs andMPswere examined
by SEM. Fig. 2a shows the morphologies of the prepared Fe3O4 NDs. The
Fe3O4 NDs exhibit an irregular decagon disk morphology, and the
average diameter is approximately 451.1 nm (Figure S2a), which is
exactly the same as that of Fe2O3 NDs (Figure S2b), proving that the
morphology and structure are very stable even after high-temperature
reduction. The high-resolution TEM and combined selected area with
corresponding fast Fourier transform (FFT) images depicted in Fig. 2b
and c offer a detailed representation of the sample’s morphology and
microstructure. As displayed in Fig. 2c, the ND with a selected area
revealed lattice fringe spacings of 0.252 nm and 0.296 nm, corre-
sponding to the (311) and (220) planes of cubic Fe3O4, respectively.
The FFT pattern of the Fe3O4 NDs (insert Fig. 2c) exhibited distinct spots
at 0.338 1/nm and 0.395 1/nm, which correlate to d-spacings of 0.296
nm and 0.253 nm, agreeing well with the planes of magnetite. Fig. 2d
shows the XRD pattern of Fe3O4 NDs. The characteristic diffraction
peaks at 2θ = 30.12◦, 35.41◦, 43.09◦, 57.04◦, and 62.62◦ can be well
indexed to the (220), (311), (400), (511), and (440) spinel (JCPDS
No.11–0614) structures of magnetite. The XRD crystal planes at higher
angles align with the selected area FFT results from TEM, confirming the
crystallographic orientation of the Fe3O4 NDs. In addition, the thickness
of NDs was determined utilizing the AFM analysis, as illustrated in
Figure S1. The measured thickness of a single ND is around 4.26 nm,
which further confirms the ultra-thin nature of the Fe3O4 nanodisc.

The element composition of NDs was investigated using EDS analysis
attached to the SEM. As shown in Figure S3, fabricated NDs are
composed of only oxygen and iron with a ratio of 60.46 % and 39.54 %
and EDS mapping (Figure S3c–e) also shows there is no aluminium ion
residues. The chemical valance states of NDs are further analyzed using
XPS. As shown in Figure S4a, the survey spectrum shows prominent
peaks of Fe 2p and O 1 s respectively. The high-resolution Fe 2p spec-
trum can be deconvoluted into two primary peaks at 710.7 and 724.1
eV, which are attributed to the 2p3/2 and 2p1/2, and the small peaks at
718.6 and 732.9 eV represent the satellite peaks as shown in Figure S4b.
The two peaks at binding energy of 712.1 and 726.7 eV correspond to
the 2p3/2 and 2p1/2 of Fe3+, and the two peaks centred at 710.6 and
723.2 eV could be attributed to the 2p3/2 and 2p1/2 of Fe2+, indicating
the formation of Fe3O4 phase in NDs., No peak of Al 2p from 71 to 80 eV
is observed in Figure S4c. These results confirm that no metallic Al or
Al2O3 was generated during the fabrication process, and they also
indicate the successful transition from Fe2O3 to Fe3O4.

The magnetic properties of NDs were measured by using a SQUID
magnetometer. Fig. 2e shows the hysteresis loop (at 300 K), indicating

Fig. 1. Schematic representation of synthesis process on the formation of Fe3O4 NDs and MP adsorption process by NDs.
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that the as-prepared Fe3O4 NDs exhibit soft magnetic behaviour with a
relatively high saturation magnetization (56 emu/g) and low coercivity
compared to Fe3O4 small nanoparticles [41,42]. The NDs specific sur-
face area and porous nature were analyzed using the N2 adsorp-
tion–desorption method. As shown in Fig. 2f, the sample displayed a
type IV isotherm with a H4 hysteresis loop [28], indicative of meso-
porous material characteristics and the presence of pore microstructures
within the NDs. The specific surface area of NDs calculated using the
BET is around 37.5 m2 g− 1.

In this study, magnetic separation was conducted using seven types
of microplastics (PE, PP, PA, PET, PVC, PMMA, and PS) with a size of 10
μm, NPs of PP, PE, PMMA, and PS with a size of 500 nm as well as PMMA
and PS with a size of 100 nm. The MPs in 10 μm and 500 nm size were
used to simply analyze removal capacity, while MPs in 100 nm size were
used for both removal capacity and adsorption kinetics study. SEM and
FTIR were carried out to confirm their sizes and polymer long-chain
structures, as shown in Figure S5 and S6. It is to note that the actual
sizes of PMMA are much smaller than the nominal sizes. Figure S7 shows
the zeta potential of NDs at different pH values and Table S1 lists the zeta
potential of the used MPs. It is observed that the surface charge of NDs
exhibited a positive value in acidic conditions, while it is negative in
basic conditions.

3.2. Separation of MPs

The microplastic in 10 μm and 500 nm were used to for the study of
the removal capacity of NDs. As shown in Figure S8a, the removal ef-
ficiency of MP in 10 μm are 90 %, 93.5 %, 89.6 %, 87.4 %, 89.2 %, 93.1
%, and 75% for PP, PET, PS, PE, PMMA, PVC, and PA respectively. Since
the zeta potential of the PA suspension is significantly lower than that of
other MP suspensions (Table S1), it is more prone to aggregation or
sedimentation that results in a lower removal efficiency compared to
other MPs. Fig. 3a and b are the SEM images of the separated PMMA and
PS paricles with a size of 10 µm. It shows that NDs are well adsorbed on
the MPs, which can enhance the separation efficiency when applying a
magnetic field on these MPs. The SEM images of other MPs adsorbed by

NDs are shown in Figure S8b–f. It can be seen that NDs fully cover the
big microplastics, suggesting the well adsorption of MPs. Figure S9
shows the photographs of the microplastics in solution before and after
separation. It is observed that the dispersion of MPs in water is different
for seven types of MPs, resulting in differences in separation efficiency.
NPs with a size of 500 nm (PS, PMMA, PE, PP) also underwent treatment
with NDs. The separation efficiency and SEM images after separation are
shown in Fig. 3c and d and Figure S10a and b. Due to the comparable
size of NDs andMPs, the MPs directly attach on NDs. Some agglomerates
are observed in the separated MPs, indicating the strong electrostatic
force between MPs and NDs since the removal efficiency of MPs is still
very high, which is 92.3 %, 94.3 %, 93.2 %, and 97 % for PMMA, PE, PS,
PP, respectively, as shown in Figure S10c. When the MPs size are further
reduced to around 100 nm, the small MPs will be adsorbed on NDs, as
shown in Fig. 3e and f. It is seen that small NPs with a high density can be
separated by the NDs, endorsing the high performance of NDs on the
separation capacity of different sized MPs/NPs.

To further determine the adsorption capacity of NDs for 100 nm PS
and PMMA, various concentrations (10–150 mg L− 1) of NPs were
introduced to a constant quantity (5 mg) of NDs. Fig. 4a illustrates a
gradual decrease in the removal efficiency of NPs with an increase in MP
concentration. Once the concentration of NPs surpasses 120 mg L− 1, NPs
tend to readily aggregate, leading to an abundance of nanoparticles in
the system. This aggregation adversely affects the adsorption efficiency
of magnetic adsorbents [28]. Thus, the optimal concentration of MPs for
adsorption is 30–60 mg L− 1 and hence we used various qualities of NDs,
ranging from 0.5 to 10 mg, to separate 60 mg L− 1 of MPs. Finally, the
optimum removal efficiency was obtained when the mass of NDs was
greater than 5 mg, as shown in Fig. 4b.

3.3. Adsorption kinetics

For a better understanding of the MP removal process by NDs, the
adsorption kinetics were studied based on the effect of various contact
time of NDs on PMMA and PS NPs at five pH values. The kinetic pa-
rameters and fitting curves are shown in Table S2, S3 and Fig. 4c and d.

Fig. 2. (a) SEM images of Fe3O4 NDs; (b) TEM images of Fe3O4 NDs at relatively low amplification; (c) High resolution TEM images of a ND with FFT patterns (inset);
(d) XRD patterns of Fe3O4 NDs. (e) Hysteresis loop of Fe3O4 ND. (f) N2 adsorption–desorption isotherm of NDs at 300 K.
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The adsorption capacity of NDs rapidly increased in the first 10 min,
reaching the maximum value and remaining equilibrium. The maximum
adsorption capacity for PMMA at pH 3, 5, 7, 9, and 11 were 183.0,
183.2, 188.4, 101.1, and 70.2 mg g− 1, respectively. Similar adsorption
results could also be obtained for PS, where the maximum adsorption
capacity at pH 3, 5, 7, 9, and 11 were 174.7, 175.0, 187.7, 151.9, and
72.0 mg g− 1, respectively. It is obviously found that the adsorption ca-
pacity of NDs under acidic and neutral environments is significantly
higher than that under basic environments. This confirmed that elec-
trostatic attraction is the main driving force leading to NPs/MPs capture.
In acidic and neutral environments, the zeta potential of the as-prepared
NDs exhibited positive, while that of MPs was negative. The positive and
negative difference in zeta potential contributed to the rapid adsorption
in initial treatment and then effectively magnetized the MPs. Therefore,
the pH of MP suspension plays an important role in MP removal, which
has been extensively investigated in previous research associated with
MP adsorption [28,32]. MP adsorption kinetics were analysed through
fitting with non-linear kinetic models, including pseudo-first-order
(PFO), pseudo-second-order (PSO), and intraparticle diffusion models,
and their corresponding equations are listed in supporting information
[28]. The adsorption kinetics of NPs with a size of 100 nm are more
consistent with the PFO reaction under five different pH values, where
all correlation coefficients(R2) are greater than 0.97 and higher than
that of the PSO model. It is worth noting that the adsorption at the
beginning of the reaction was quite fast and the system could reach
equilibrium within 30 min. This is attributed to the strong hydrophobic

interaction between NDs and plastics, and an acidic or neutral envi-
ronment can significantly intensify the electrostatic attraction between
nanoparticles. However, a net repulsive effect will impede the MP
adsorption with increased pH value [43]. In addition to PFO and PSO
models, the intraparticle diffusion model was also applied to further
understand MP adsorption kinetics. The intraparticle diffusion occurs in
three stages, and the fitting curves and parameters are shown in
Figure S11. This model assumes that the adsorbates diffuse to the porous
surface and reach an adsorption equilibrium state. If the boundary layer
thickness constants (Ci) are zero, the adsorption reaction rate is only
subjected to be controlled by intraparticle diffusion. In this work, the
adsorption process can also be regarded as three steps:(1) MPs rapidly
move forward and adhere to the adsorbent surface due to surface charge
differences. (2) MPs gradually occupy the adsorption points on adsor-
bents, and the adsorption rate was significantly reduced. (3) the
adsorption process reached saturation, indicating the magnetization of
MP is completed [28]. Although the slopes of fitting curves in different
pH solutions exhibited ki1 > ki2 > ki3, the values of Ci1, Ci2, and Ci3 for
each step are not zero. This means that intraparticle diffusion is not the
only factor that governs the adsorption reaction of MPs [44]. Likewise,
the value of R2 significantly decreases in the last two steps, indicating
intraparticle diffusion is not applicable after the adsorption occurs for
15–20 min.

FTIR and PL analysis were carried out to identify the changes before
and after separation. Fig. 4e shows the FTIR spectra of pristine NDs and
NDs after adsorbing two types of MPs on the surface. It is observed that

Fig. 3. SEM images of the separated 10 µm of PMMA (a); 10 µm of PS (b); 500 nm of PMMA (c); 500 nm of PS (d); 100 nm of PMMA (e); and 100 nm of PS (f).
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there was not any peak corresponding to polymers for the pure NDs, but
only Fe-O peak at 620 cm− 1. After adsorbing MPs, the intensity of
characteristic peaks corresponding to polymer significantly increases,
especially –CH2 peak at 2916 cm− 1, indicating the adsorption of MPs.
Likewise, the PL analysis was employed to further understand the cap-
ture of MPs with the magnetic NDs. The PL spectra of MP suspension
with and without the adsorption of NDs are shown in Fig. 4f. Pure water
exhibits no discernible characteristic peaks. However, water containing
MPs manifests a prominent peak, indicative of the presence of MPs.
Upon the introduction of NDs into the solution with agitation for 20 min,
followed by removal using a permanent magnet, the characteristic peak
intensity is significantly reduced, suggesting the effective capture of MPs
by the NDs. To understand whether magnetic field can influence the
capture of MPs, we applied a magnetic field during agitation stage. After
the MPs in solution was collected by a permanent magnet, the charac-
teristic peak of the solution in the PL spectrum is lower compared to
solution without magnetic field during agitation. This observation im-
plies that the application of a magnetic field may enhance the electro-
static adsorption force between NDs and MPs. This phenomenon may be
due to the magnetizing of MPs during agitation state, which induces an
extra attractive force between NDs and MPs. To the best of our

knowledge, this particular phenomenon has not been previously re-
ported, warranting further investigation to comprehensively understand
the underlying mechanisms.

3.4. Adsorption isotherms

In the isothermal experiments, 5 mg of ND was used to adsorb
different concentrations of 100 nm PMMA and PS (20–300 mg L− 1) in
solution for 2 h at three different temperatures, i.e. 298 K, 308 K, and
318 K. The adsorption isotherms of NDs were analysed based on four
adsorption isothermal models: Langmuir, Freundlich, Sips, and Temkin
models, and their corresponding equations are shown in SI [28].The
Langmuir and Freundlich isotherm models stand out as the two most
commonly employed empirical models for analyzing the adsorption
process. The Langmuir model describes the adsorption reaction is a
monolayer homogeneous adsorption process and occurs on a uniform
surface, while the Freundlich model assumes the adsorption is a multi-
layer adsorption process on an uneven surface [27,45]. The Sips
isotherm model was derived from both the Langmuir and Freundlich
isothermmodels to describe the Freundlich multilayer adsorption at low
adsorbate concentrations while predicting the monolayer adsorption

Fig. 4. (a) The removal efficiency of 100 nm PMMA and PS in various concentrations of MP suspensions; (b) The removal efficiency of 100 nm PMMA and PS by
varying the mass of NDs; (c) Pseudo-first-order and pseudo-second order adsorption model of NDs for 100 nm of PMMA and (d) Pseudo-first-order and pseudo-second
order adsorption model of NDs for 100 nm of PS; (e) FTIR spectra of NDs before and after adsorption; (f) PL spectra of NDs before and after adsorption.

Y. Cao et al. Chemical Engineering Journal 497 (2024) 154610 

6 



related to Langmuir at high concentrations [46]. In addition to the above
three models, the Temkin model was also used to describe a linear
decrease of adsorption energy in adsorption layers due to the interaction
between adsorbents [47,48]. The corresponding parameters are shown
and listed in Tables S4 and S5. From the fitting curves shown in Fig. 5,
the adsorption capacity qe was 216, 227, and 251 mg g− 1 for PMMA and
234, 242, 257 mg g− 1 at 298 K, 308 K, 318 K, respectively. At the
elevated temperature, the adsorption capacity was slightly enhanced
since extra thermal vibration energy was introduced and MPs diffusion
was accelerated. The R2 values of NDs for the Sips model were the
highest among all isotherm models applied in this work. Therefore, the
Sips isotherm model was the most appropriate empirical model to
explain the MP adsorption by NDs. In Table S4, S5, 1/n represents the
adsorption intensity, and its values are always less than 1, indicating the
adsorption process of PMMA and PS by NDs is favourable and it is able to
form strong electrostatic force between the adsorbent and MPs [27,49].
In addition, we compared the adsorption capacity of different magnetic
adsorbents that were reported in the past three years, as listed in
Table S6.

3.5. Adsorption mechanisms

The adsorption properties of MPs are strongly influenced by their
surface characteristics, functional groups, crystallinity, structure and
specific surface area. To understand the properties related to the
adsorption capacity of MPs, the underlying adsorption mechanism is
essential to be investigated. In this work, it is found that the size of NDs
and MPs are crucial for the adsorption process, and when the size of MPs
is 10 µm, which is greater than that of NDs, they act as the adsorbent.
Conversely, when the size of plastic decreases to 100 nm, the NDs
become the adsorbate, and while the MPs/NPs at an intermediate size of
500 nm, they are equally attached to the NDs. The hydrophobic prop-
erties of both MPs/NPs and NDs exhibited hydrophobic interactions,
which lead to higher adsorption and this mechanism is often observed in

the adsorption of organic pollutants onto carbon-based materials.
Likewise, the Sips adsorption model indicates heterogeneous adsorption
sites on the NDs due to the presence of different adsorption sites, which
may have varying affinities for MPs/NPs, suggesting a complex
adsorption process. The opposite zeta potentials of MPs/NPs and NDs
facilitate strong electrostatic attraction because the particles with
opposite charges attract each other [28,44,50]. To further understand
the mechanisms of MP adsorption by NDs, we investigated the ground
magnetization state of prepared NDs and the role of magnetism in MP
separation. Unlike traditional superparamagnetic nanoparticles, NDs
possess a vortex magnetic domain, allowing for good dispersion while
maintaining ferromagnetic properties. On the other hand, magnetic
nanoparticles with ultra-small sizes were usually used since they can
adhere well to the MP surface. For those superparamagnetic nano-
particles, the magnetization of the materials is zero without applying an
external magnetic field, therefore, the material cannot magnetize the
MPs. Although the property allows magnetic nanoparticles to capture
MPs when applying a magnetic field, the separation force is only
contributed by the electrostatic [51–53]. Different from the above
magnetic nanoparticles which were used in MPs separation, it has been
proved that magnetic NDs have a vortex magnetic domain structure,
where most spins exhibit a circular alignment in the plane of the ND
[34,54], as shown in Fig. 6c. This kind of domain structure helps the
well-dispersion of NDs in solution while maintaining the ferromagnetic
state and relatively high saturation magnetization. The circular domain
can trap the MPs/NPs on the surface of NDs, accelerating the separation
process. During the agitation stage, an applied magnetic field will induce
high magnetization of the NDs, leading to the magnetizing of MPs/NPs,
further promoting the adsorption process. This unique magnetic nano-
disc structure combined with the NDs large specific surface area
enhanced the MP/NPs adsorption efficiency. From materials charac-
terization, NDs also possess micropore strucuture, which make the
adorsption mechanism complicated. The well-fitted Sips isothermmodel
in the adsorption represents the heterogeneous adsorption sites and

Fig. 5. Adsorption isotherm fitting of the NDs for the removal of 100 nm PMMA (a, c) and PS (b, d).
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complex adsorption mechanisms.
In addition, we conducted magnetic separation experiments in

seawater, achieving high recovery rates for PMMA and PS NPs
(Figure S12). We could notice that before separation the seawater con-
tained a small amount of sand and added NPs (PMMA and PS) which
were cleared after magnetic separation, leaving behind the heavy sand
particles. As shown in Figure S13, the final recovery rate of 100 nm
PMMA and PS reached 97.3 and 94.8 %, respectively. Moreover, ex-
periments using PMMA and PS NPs in sea water were carried out to
understand the influence of applied magnetic field during the adsorption
process in addition to the adsorption kinetic studies (Fig. 6). From
Fig. 6a and b we observed that the adsorption equilibrium time was
shortened, and a higher adsorption capacity was achieved within the
first 5min when amagnetic field was applied during shaking. Applying a
magnetic field during the adsorption process accelerated the rate of
adsorption without affecting the maximum capacity observed. There-
fore, the combination of vortex magnetic domain structure, large surface
area and electrostatic attraction enables efficient and rapid magnetic
separation of MPs and NPs using magnetic NDs.

3.6. Reusability of NDs on MP removal

In light of the regeneration of NDs, cost considerations, and the po-
tential for large-scale applications, the reusability of NDs was assessed.
The mixture of NDs and MPs were calcined at 500 ℃ under N2 atmo-
sphere, and the TGA analysis was carried out to confirm whether the
plastics were completely removed at 500 ℃. The thermogram for the
studied PMMA and PS, as shown in Figure S14, indicates that both
PMMA and PS are fully decomposed at 500 ℃. Fig. 6d shows that the
removal efficiency remains above 90 % even after MPs separation per-
formed for five cycles. This indicates that the prepared NDs have
promising stability after multiple adsorption and calcination steps. As a
result, Fe3O4 NDs exhibit the capability for repetitive recycling while
maintaining an excellent separation efficiency of MPs, promising for

practical applications.

4. Conclusion

In this work, 2D ultrathin Fe3O4 NDs were fabricated to adsorb and
separate MPs/NPs in an aquatic environment. The BET and magnetic
study of NDs substantiated that magnetic nanomaterials characterized
by a high specific surface area and a ground vortex magnetic state can
effectively and efficiently remove both MPs and NPs. A comprehensive
set of removal experiments was systematically conducted, encompassing
MPs and NPs varied in size and category. For 10 μm MPs, the observed
trend indicated that the removal rate was highest (93.5 %) for PET,
whereas exhibited the lowest for PA (75 %). The removal rates for the
remaining materials were maintained at approximately 90 %. For 500
nm NPs, the removal rates for the four types of NPs consistently
exceeded 92 %, with PP exhibiting the highest removal rate at 97 %.
Likewise, adsorption kinetics and isotherms of NDs for 100 nm of NPs
were analyzed. It was found that the pH value has a pronounced impact
on the adsorption capacity of NDs and the optimal adsorption capacity
under a neutral condition could reach a value of 188.4 and 187.7 mg g− 1

for PMMA and PS, respectively. Analyses of kinetics revealed the
adsorption of NDs was relatively consistent with the PFO model. Four
empirical adsorption isothermal models were also analyzed, and it was
determined that the Sips isotherm model proved to be the most suitable
empirical model for elucidating the adsorption of NPs by NDs.
Furthermore, we identified that the process of adsorption and magne-
tizing by NDs was contributed from both electrostatic interaction and
vortex magnetic domain. Finally, the prepared NDs demonstrated
excellent reusability, sustaining a removal efficiency of over 90 % even
after undergoing five cycles of separation. In this study, 2D magnetic
nanomaterials were first used in MPs and NPs separation to obtain su-
perior removal efficiencies. We also discovered that both the electro-
static interaction and special vortex magnetic state of NDs can lead to
effective plastics adsorption from micro to nano, which offers a

Fig. 6. The relationships between the adsorption capacity of NDs in seawater and time for 100 nm PMMA (a) and PS (b); (c) Magnetic vortex state in Fe3O4 NDs (d)
The removal of efficiency of NDs over 5 cycles of NP separation.
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reference for future magnetic separation methodology of plastic
pollutants.
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