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ABSTRACT

In this study, a FesO,@MIL-101(Cr) composite material was synthesized
through a simple approach combining FesO, and MIL-101(Cr), using
waste PET as the raw material source. The obtained composite
exhibited magnetic properties with a saturation magnetization of
approximately 18 emu g™, compared with 50 emu g™ for pure Fe;O..
The synthesized materials were then employed as adsorbents for the
removal of polystyrene (PS) microplastics from aqueous environments.
The experimental results showed that under optimal conditions (pH =
8.15, room temperature, and an adsorbent dosage of Fe;O,@MIL-
101(Cr) of 125 g L), the removal efficiency of PS reached
approximately 91.4 + 3.74% after 150 min of interaction. Furthermore,
the Fe;O4,@MIL-101(Cr) composite could be easily recovered using an
external magnetic field, demonstrating its potential as an
environmentally friendly and recyclable adsorbent for the treatment of
microplastic contamination in aquatic environments.

Introduction

stream flows and eventually reach the marine

Plastic production has increased significantly in recent
decades, reaching approximately 0.3 billion tons per
year, of which about half is intended for single-use
applications [1, 2]. Microplastics occur in a wide range
of sizes and shapes with diverse chemical
compositions, including  aliphatic  or  aromatic
hydrocarbon structures. Microplastic particles present
in soil can also be transported through river and
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environment [3-5]. In addition to industrial and
manufacturing activities, the direct disposal of single-
use plastics, washing of synthetic textiles, microbeads
from cosmetic products, tire wear particles, and the
fragmentation of larger plastic debris are major
sources contributing to the introduction of
microplastics into aquatic systems [6].

Currently, various technologies have been developed
for the removal of microplastics, including physical,
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chemical, and biological methods. Biodegradation
technologies and bioreactor systems have also been
investigated; however, their degradation efficiency
remains relatively low and requires long processing
times, raising concerns regarding their practical
effectiveness and environmental impacts  [7-11].
Recently, emerging approaches based on adsorbent
materials such as metal-organic frameworks (MOFs)
have been proposed for the removal of microplastics
from aquatic environments [12]. MOFs can be tailored
for specific applications by modifying their composition
and pore size, enabling the selective capture of
different sizes and types of microplastics. This
selectivity allows for more efficient removal of
microplastics while minimizing interference with other
components in water. Moreover, MOFs can selectively
adsorb microplastic particles while leaving other
substances in the water largely unaffected. They can
also be regenerated and reused over multiple cycles,
making them more cost-effective and sustainable
compared with single-use filtration systems or other
methods that require frequent replacement. In
addition, MOFs can be synthesized from non-toxic
materials (e.g., waste PET bottles) and do not generate
harmful byproducts during the purification process,
making them a more environmentally friendly option
than some conventional methods.

Gnanasekaran et al [13] conducted a study
investigating the effectiveness of a MOF-based
membrane, MIL-100(Fe), for the removal of
microplastics from textile wastewater. MIL-100(Fe) is a
MOF containing iron metal ions and terephthalic acid
organic ligands, forming a mesoporous structure with a
small pore diameter (1.8 nm), a large pore volume
(08374 cm® g™"), and microporous channels that
facilitate the transport of small molecules. To fabricate
the mixed matrix membrane, hydrophilic MIL-100(Fe)
nanoparticles were incorporated into a polysulfone
matrix. The incorporation of MIL-100(Fe) significantly
influenced the membrane morphology, including its
hydrophilicity, adhesion properties, porosity, and pore
size distribution. The best performance was achieved
with 0.5 wt% MIL-100(Fe) in the polysulfone matrix,
resulting in a 10.3-fold increase in pure water flux
compared with the pristine polysulfone membrane
(M0). The PSF/MIL-100(Fe) membrane exhibited
optimal performance under alkaline conditions (pH =
9) due to the electrostatic repulsion mechanism toward
cationic contaminants. The study also demonstrated
the reusability of the membrane, as the organic ligands
within - the  MIL-100(Fe) structure help maintain
structural stability even after several operating cycles.

Mohana et al. [14] investigated the behavior of nano-
/microplastic particles in wastewater and their removal
using membrane processes, particularly focusing on
the efficiency of MOF-based membranes in eliminating
nano-/microplastics. In their study, a MOF-based UF
ED-MIL-101(Cr) membrane was used to remove nano-
/microplastic particles from wastewater. Their findings
indicated that the UF ED-MIL-101(Cr) membrane
exhibited high water permeability and was capable of
removing more than 90% of both negatively and
positively charged nano-/microplastic particles from
wastewater through electrostatic  attraction and
repulsion mechanisms.

Therefore, MIL-101(Cr) is considered a promising
candidate for the adsorption of microplastic particles
due to its large specific surface area, high water
permeability, and mesoporous structure. In addition,
MIL-101(Cr) can be synthesized from waste PET bottles,
contributing to the reduction of environmental
pollution. Furthermore, incorporating Fe;O4 into the
adsorbent facilitates the magnetic separation and
recovery of the material after the adsorption process.
However, to the best of our knowledge, there have
been no reports on the use of Fe;O,@MIL-101(Cr)
composite materials for the removal of microplastics
from water via adsorption. Therefore, in this study, a
magnetic Fe;O4@MIL-101(Cr) composite was
synthesized and employed as an adsorbent for the
removal of polystyrene (PS) microplastics from
agueous environments.

Experimental

Materials

Terephthalic acid (TPA) recovered from waste PET was
obtained following the procedure reported in our
previous study [15]. Iron(ll) sulfate heptahydrate
(FeSO47H,O, 298%), iron(lll) chloride hexahydrate
(FeCl3:6H0, 298%), sodium hydroxide (NaOH, >98%),
ethanol  (CoHsOH,  96%),  chromium(lll)  nitrate
nonahydrate (Cr(NO3);-9H,0, 99%), hydrofluoric acid
(HF, 40%), dimethylformamide (DMF, 99.8%), ethylene
glycol (EG, 99%), hydrochloric acid (HCl, 37%), and
potassium chloride (KCl, 99%) were purchased from
Sigma-Aldrich. All chemicals were of analytical grade
and used as received without further purification.

Synthesis of Fe;O,@MIL-101(Cr)

The synthesis of MIL-101(Cr) from PET was carried out
according to the procedure reported in our previous
study [15]. The magnetic Fe;sO, nanoparticles were
synthesized as follows: 2.78 g of FeSO,7H,O was
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dissolved in 50 mL of distilled water to obtain solution
A. Subsequently, 5.41 g of FeCl;6H,0 was dissolved in
approximately 50 mL of 97% ethanol to form solution
B. Solution A was then slowly added to solution B
under an inert atmosphere (N;) for 2 h at a
temperature of about 50-60 °C. The pH of the mixture
was adjusted to 11 using a NaOH solution. Afterward,
the resulting product was allowed to cool, filtered,
washed, and dried at 90 °C to obtain dark brown
magnetic Fe;O4 nanoparticles.

Next, 2 g of the synthesized MIL-101(Cr) was dispersed
in 50 mL of an ethanol/water solvent mixture (volume
ratio 2:1) to form solution C. Meanwhile, 1.33 g of the
obtained Fe;O4 nanoparticles was dispersed in 50 mL
of ethanol to obtain solution D. Solution C was then
slowly added to solution D, followed by ultrasonication
for approximately 30 min to ensure homogeneous
dispersion. The mixture was subsequently transferred
into an autoclave and heated at 120 °C for about 9 h.
Finally, the obtained product was filtered, washed with
deionized water, and dried at room temperature to
obtain the Fe30,@MIL-101(Cr) composite material.

Characterization

The crystalline phase structure of the synthesized
materials was analyzed by X-ray diffraction (XRD) using
a diffractometer (Bruker, Germany) with Cu Ko radiation
(\ = 0.154 nm) at a scanning rate of 0.2° s". The surface
morphology of the samples was examined using
scanning electron microscopy (SEM, Hitachi S-4800-
3000F). Fourier transform infrared spectroscopy (FTIR,
Jasco 4700) was employed to identify functional groups
and bonding characteristics of the synthesized materials
before and after microplastic adsorption. The magnetic
properties, including the saturation magnetization, were
determined using a vibrating sample magnetometer
(VSM). The elemental composition was analyzed by
energy-dispersive X-ray spectroscopy (EDX) using a
JEOL JMS 6490 instrument (Japan).

Removal of PS microplastics using FesO,@MIL-101(Cr)

The removal of PS microplastics using the Fe;Q,, MIL-
101(Cr) and Fe;O4@MIL-101(Cr) composite was carried
out as follows. 0.5 g-L™" PS microplastics with an
average particle size of approximately 500 nm and 1.5
gL of the material were added to 20 mL of a
microplastic suspension. The treatment of the PS
microplastics for each material was conducted at a
stirring speed of 250 rpm and a temperature of 30 °C
for the investigated period. Subsequently, the
microplastics were separated from the solution under
the attraction of a magnet (magnetic force of
approximately ~25 kg).
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The separated sample was subsequently dried at 60 °C
for approximately 12 h, after which the mass of the
adsorbent after adsorption was determined. The
removal efficiency of PS microplastics was evaluated
using the gravimetric method according to Equation (1).
n= fmam) x 100% (1)
MMy

In this equation, m; represents the mass of the
adsorbent, m, denotes the mass of the adsorbent after
the adsorption of microplastics, and mp is the initial
mass of PS microplastics in the solution (my = 25 mg,
corresponding to 50 mL of PSMPs with a concentration
of 0.5gL7).

The average particle size (500 nm) of the microplastics
used in the experiment was determined using a laser
scattering particle size analyzer (HORIBA LA-960) [16].
All adsorption experiments were performed in triplicate
under identical conditions to ensure reproducibility.
The experimental data are presented as mean values +
standard deviation (SD). The standard deviation was
calculated based on repeated measurements to
evaluate the dispersion of the data.

Results and discussion
Characterization of the materials

The results of the XRD pattern (Figure 1(A)) shows that
the characteristic diffraction peaks of FesOs at 20 =
30.1°,  355° 431°, 535° 57.0° and 626°
corresponding to the (220), (311), (400), (422), (517),
and (440) crystal planes of cubic magnetite (JCPDS No.
19-0629) [17]. MIL-101(Cr) exhibits distinct diffraction
peaks at low angles (26 = 5-10°), which are attributed
to the ordered porous structure of the MOF framework
[15]. In the Fe3s0,@MIL-101(Cr) composite, the
diffraction peaks of both Fe;Os and MIL-101(Cr) are
observed, indicating the successful incorporation of
magnetic FesO,4 nanoparticles into the MIL-101(Cr)
structure without destroying the crystalline framework.

The FT-IR spectrum (Figure 1(B)) of MIL-101(Cr) shows
characteristic bands at around 1620 and 1400 cm™,
corresponding to the asymmetric and symmetric
stretching vibrations of the carboxylate groups (COO7)
from the terephthalate ligand. A band at approximately
750 cm™ is attributed to the aromatic C-H bending
vibration. For Fe;O, the strong absorption band at
around 580 cm™ is assigned to the Fe-O stretching
vibration of the spinel structure. In the Fe;O,@MIL-
101(Cr) composite, both the characteristic peaks of
FesO, and MIL-101(Cr) are observed, indicating the
successful incorporation of Fe;O4 nanoparticles into the
MIL-101(Cr) framework without destroying its structure.
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Fig. 1: (A) X-ray diffraction patterns, and (B) FT-IR of (a)
MIL-101(Cr), (b) FesO4, and (c) FesO4@MIL-101(Cr)
samples.

The FT-IR spectrum of Fe;O,@MIL-101(Cr) shows
characteristic bands at around 1580-1620 and 1390-
1410 cm™ corresponding to the asymmetric and
symmetric stretching vibrations of the carboxylate
groups (COQO") from the terephthalate ligand. A band
at approximately 580 cm™ is attributed to the Fe—O
stretching vibration of magnetite. After the adsorption
of polystyrene microplastics (Figure 5(d)), additional
peaks were observed at approximately 3025, 2920,
1490, 756, and 698 cm™', corresponding to the
characteristic vibrational modes of aromatic C-H
bonds and the benzene ring of polystyrene. In
addition, the SEM image (inset) obtained after
adsorption reveals the presence of PS fibers attached
to the surface of the material, further confirming the
successful interaction between PS microplastics and the
Fe;O,@MIL-101(Cr) composite.

The SEM images (Figure 2(a)) show that MIL-101(Cr)
crystals exhibit a well-defined polyhedral morphology
with relatively smooth surfaces. The particle size is
mainly distributed in the range of several hundred
nanometers, which is consistent with the typical
morphology reported for MIL-101(Cr). The Fe3;O4

nanoparticles (Figure 2(b)) exhibit a quasi-spherical
morphology with particle sizes in the nanometer range.
Due to the strong magnetic interaction, the
nanoparticles tend to aggregate and form irregular
clusters. After loading Fe;O4 nanoparticles (Figure
2(cd)), the morphology of MIL-101(Cr) becomes
rougher and numerous spherical nanoparticles are
observed on the surface of the MOF crystals. These
nanoparticles are uniformly distributed and form small
clusters, indicating that Fe;O4 nanoparticles are
successfully anchored onto the MIL-101(Cr) framework.

Fig. 2: SEM of (a) MIL-101(Cr), (b) Fe3O4, and (c,d)
FesO.@MIL-101(Cr) samples.

The EDX profile (Figure 3) reveals the presence of C, O,
Cr, and Fe elements, confirming the successful
formation of the composite structure. The strong
signals of carbon and oxygen observed at low energy
regions are mainly attributed to the organic linker of
the MIL-101(Cr) framework, which contains aromatic
dicarboxylate ligands. The coexistence of Cr and Fe peaks
demonstrates that the magnetic Fe-containing phase was
successfully integrated with the MIL-101(Cr) matrix.
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Fig. 3: EDX of Fe3s0.@MIL-101(Cr) composite.

In this study, a 0.1 M KC| solution was used as the
background electrolyte to determine the point of zero
charge of the Fe;0O,@MIL-101(Cr) composite. The
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relationship between ApH and the initial pH (pH;) of the
suspension is presented in Figure 4. As shown in Figure
4(A), the point of zero charge (pHyzc) of the
Fe;O,@MIL-101(Cr) composite was determined to be
8.15. This result indicates that the surface of the
composite exhibits a slightly alkaline character.

The pH at the point of zero charge (pH,zc) of the
Fe;O,@MIL-101(Cr) composite was determined from
the pH,zc plot, which shows a value of approximately
8.15, indicating that the surface of the material is
electrically neutral at this pH. When pH < 8.15, the
composite surface tends to be positively charged due
to the protonation of hydroxyl groups (-OH) on the
Fe;O,4 surface as well as functional groups within the
MIL-101(Cr) framework. In contrast, when pH > 8.15,
the surface becomes negatively charged as a result of
deprotonation processes.
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Fig. 4: (A) Point of zero charge determination of

Fe;0,@MIL-101(Cr) composite, and (B) Magnetic

hysteresis of (a) Fe3O4 and (b) Fe;O,@MIL-101(Cr)
composite.

The magnetic behavior of the Fe;O4 nanoparticles and
the synthesized Fe;O,@MIL-101(Cr) composite was
investigated using a vibrating sample magnetometer
(VSM) at room temperature. As shown in Figure 3(b),
the magnetization curve of the Fe;Os nanoparticles
exhibits negligible coercivity (Hc = 0 Oe) and remanent
magnetizaton (Mr ~ 0 emu g™"), indicating typical
superparamagnetic behavior with a measured saturation
magnetization (Ms) of approximately 50 emu g™,

In contrast, the measured saturation magnetization of
the  Fe;0,@MIL-101(Cr)  composite  significantly
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decreased to about 18 emu g™". This reduction in Ms
can be attributed to surface spin disorder, surface
oxidation, or finite-size effects that commonly occur in
magnetic nanoparticles after being incorporated into
the porous MIL-101(Cr) framework [18]. Nevertheless,
the composite still  retains  sufficient  magnetic
properties, enabling efficient magnetic separation and
recovery of the material after the adsorption process.

Removal performance of PS microplastics

As shown in Figure 5(a), the adsorption of PS
microplastics onto Fe;O4 nanoparticles proceeded
rapidly during the initial stage (0-30 min), mainly due
to the large number of available active sites on the
nanoparticle surface. In the subsequent stage (30120
min), the adsorption efficiency reached 74% and
remained nearly constant with further increase in
contact time.

This behavior suggests that the active sites gradually
became saturated, leading to increased competition
among PS molecules for the remaining adsorption sites
and consequently limiting the adsorption rate. This
trend may also be attributed to the large molecular
size of PS, which restricts the deep penetration of PS
molecules into the aggregated structures of the
nanoparticles. In comparison, the adsorption efficiency
reached a maximum of 77% for MIL-101(Cr) and 91.4%
for the Fe30,@MIL-101(Cr) composite after 150 min of
contact time. The PS microplastics adsorption over
FesO4@MIL-101(Cr)  was evaluated through three
repeated experiments, yielding an average value of
914 + 3.74%. The RSD value of 4.09% indicates
repeatability within the acceptable range of RSD < 5%.

Furthermore, as the PS concentration increased from
500 ppm to 700 ppm (Figure 5(b)), the adsorption
efficiency decreased from 90% to 77%, respectively.
This reduction may be attributed to particle—particle
shielding effects among the adsorbate molecules, as
well as the mutual coverage of nanoparticles, which
limits the accessibility of active adsorption sites.

The effect of the Fe;0,@MIL-101(Cr) composite dosage
(0.5, 0.75, 1.0, 1.25, and 15 g L™ on the adsorption
efficiency of PS was also investigated at an initial PS
concentration of 500 ppm, a temperature of 30 °C,
and a contact time of 150 min. The results are
presented in Figure 5(c). The adsorption efficiency
increased from 67.2% to 85.1% as the composite
dosage increased from 0.5 to 1.0 g L™, indicating that
the initial surface area of the adsorbent was insufficient
to capture all PS molecules present in the solution.
When the adsorbent dosage was further increased to
125 g L7, the adsorption efficiency reached a



Vietnam Journal of Catalysis and Adsorption, 15 — issue 2 (2026) 6-12

maximum value of 91.4%. This result is consistent with
previous studies, where the adsorption of PS
microplastics (PSMPs, 5 mg/L, 30 mL) by ZIF-67
achieved an efficiency of 921% [19], while the
adsorption of PS on magnetic Fe;04 nanomaterials
exhibited a relatively lower efficiency (86.11 + 6.21%)
[20]. This improvement can be attributed to the
increase in the total surface area and the
corresponding rise in the number of accessible active
sites on the nanoparticle surface, such as —OH and
—FeOH," functional groups [21,22]. At this dosage (1.25
g L), the amount of adsorbent was sufficient to
capture nearly all PS molecules present in the solution.
However, when the Fe;O,@MIL-101(Cr) dosage was
further increased to 1.5 g L™, the adsorption efficiency
decreased to 87.4%. This decline may be explained by
the agglomeration of Fe;O, nanoparticles at high
concentrations within the composite matrix due to
magnetic interactions or van der Waals forces, which
reduces the effective surface area available for PS
adsorption. Thus, hydrophobic interactions arise when

100
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the polymer chains of PS microplastics preferentially
aggregate and adhere to the less polar surface regions
of MIL-101(Cr), thereby minimizing their exposure to
the aqueous environment. Concurrently, 1-Tt
interactions play a dominant role through the overlap
between the m-electron system of the phenyl rings in
PS and the conjugated m-system of the terephthalate
ligands within the MIL-101(Cr) framework. These Tt-Tt
interactions enhance the non-covalent attractive forces
between the two phases, contributing to the
stabilization of microplastic adsorption on the material
surface. Owing to the synergistic effect of these
mechanisms,  MIL-101(Cr)  exhibits an effective
adsorption capacity toward PS microplastics. Therefore,
a PS microplastic concentration of 500 ppm, an
adsorbent dosage of 1.25 g L™, and pH = 8.15 were
selected as the optimal conditions for the adsorption
process using the Fe;O,@MIL-101(Cr) composite, and
these conditions will be employed in subsequent
investigations.
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Fig. 5. Adsorption efficiency of PS microplastics: (a) on different materials (Fe3O4, MIL-101(Cr), and the Fe;O,@MIL-
101(Cr) composite), (b) at different PS concentrations, (c) at different dosages of the Fe30,@MIL-101(Cr) composite,
and (d) FT-IR spectra of Fe;0,@MIL-101(Cr) before and after adsorption of PS microplastics (inset: SEM image of
Fe;O,@MIL-101(Cr) after adsorption). Reaction conditions: room temperature, 30 °C; pH = 8.15; PS microplastic
particle size = 500 nm.
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Conclusion

The Fe;0,@MIL-101(Cr) composite was synthesized
using an environmentally friendly approach with waste
PET as the raw material source. Increasing the
adsorbent dosage to 125 g L™ and operating under
mildly alkaline conditions (pH = 8.15) significantly
enhanced the adsorption performance, achieving a PS
microplastic removal efficiency of 91% within 150 min.
These results further confirm the potential of magnetic
nanocomposite materials for applications in water and
wastewater treatment, particularly for the removal of
organic pollutants, including microplastics, which have
recently attracted significant environmental concern.
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