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The extensive production and application of plastic in recent decades has resulted in the presence of micro-
plastics (MPs) in different water bodies. Considered as contaminants of emerging concern (CECs), MPs are
accessible to a wide range of organisms and can act as vectors for the transport of other persistent organic
pollutants. The existing technologies to remove microplastics from wastewaters and prevent their intrusion in
nature, still present several limitations, resulting in an urgent need to develop novel, fast, cost-effective and
greener alternatives. In this work, the magnetophoretic capture of MPs by their assembly with magnetic nano-
particles through either electrostatic interactions or molecular forces is investigated. For the experimental
assessment, magnetic nanoparticles were synthesized by hydrothermal coprecipitation and solvothermal
decomposition methods, while polyethylene (PE) microspheres were selected as model microplastic pollutants.
As a noteworthy novelty, thermal decomposition and coprecipitation particles were functionalized with amino
groups and sodium alginate (SA), respectively, resulting in a modification of their surface properties and
enhanced electrostatic or molecular interactions with MPs. After preliminary experiments, a concentration of 1.3
g L't and a contact time of 20 min between magnetic nanoparticles and MPs, were selected as operating con-
ditions to assess the influence of the functional groups on the capture performance. The influence of other
variables in the process was also evaluated, including the magnetic nanoparticles synthesis method, the pH of the
medium, varied in the range 4-8, and the water constituents that may be present in water bodies. Results
demonstrated that the presence of different types of polar groups on the surface of the magnetic nanoparticles
make them interact towards MPs through electrostatic attraction or molecular forces, considerably enhancing the
capture performance of bare magnetic nanoparticles. This work represents a step forward in the development of
new and reliable techniques for the environmentally friendly capture of microplastics from polluted waters.

SA-functionalization
Polyethylene microplastics (PE MPs)
Capture

1. Introduction

During the last decades, plastics have been broadly applied in a wide
range of daily life products, such as clothing, personal care items or
packaging, among others. This extensive use has resulted in a large-scale
production, up to 400.3 million tonnes in 2022, and to the release of
significant amounts of plastic waste into the environment, over 14
million tons in oceans annually [1,2]. After weathering and ultraviolet
radiation, larger plastic debris break down into smaller pieces [3].
Specially, microplastics (MPs) are plastic particles with dimensions
lower than 5 mm that can be made of different polymers and come in a
variety of forms, including spheres, fragments, and fibers [4]. They are
emerging pollutants which have been found in oceans, rivers,
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groundwater, wastewater, air and soil, where they can last for hundreds
to thousands of years. Several studies have identified the presence of
these pollutants in the environment with concentrations of 70.8 parti-
cles m® in the Northeast Atlantic Ocean [5] and ranging from 0.28 to
4.18 MPs L in secondary effluents of wastewater treatment plants
depending on the treatments carried out [6]. According to their for-
mation, they are classified into primary and secondary microplastics.
Primary MPs are intentionally produced by industry, for their addition
into final products to enhance specific properties, for example in per-
sonal care and household products; while secondary microplastics result
from the degradation of larger plastic debris by solar radiation, wave
action, temperature change or other physical, chemical, and biological
effects [1,7]. Due to their small size, MPs are accessible to a wide range
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of organisms including the marine biota and humans. In addition, due to
their hydrophobicity and relatively high specific surface area, they have
a high capacity to adsorb other contaminants, providing a vector for the
transport of persistent organic pollutants [8-12]. Because of their high
accumulation in the environment and potential hazardous effects, there
is an urgent need to find methods for the removal of MPs. However, only
a very limited number of studies have been reported on their removal
from aqueous media, most of which have been published in recent years.

The most widely used technology for MPs removal is sedimentation
facilitated by coagulants and flocculants, with remarkable removal ef-
ficiencies around 95% [13,14]. Even though it is easy to handle and has
the capacity to capture small MPs, this technique presents several lim-
itations related to the long time required and to the high consumption of
reactants, which significantly increase the operating costs and may lead
to excessive levels of coagulants and flocculants in the effluent [15]. In
addition, floc formation is strongly influenced by the characteristics of
the aqueous media including the pH, organic matter content and coex-
isting anions, among others [16]. Another reported technology is
filtration using membranes with a specific pore size. It is easy to handle
and to scale-up and shows high removal efficiencies with low energy
requirements [17]. Kim et al. [18] demonstrated high efficiency in the
removal of MPs from simulated laundry water, capturing 99.88%, using
ceramic membranes. However, its bottleneck is the fouling phenomenon
that membranes usually suffer due to accumulation of the MPs in the
pores, giving place to their clogging, considerably reducing their
removal capability and lifetime, and increasing costs related with their
maintenance. Bioremediation is a technology that involves the use of
different microorganisms to degrade microplastics. It is easy to handle,
cost-effective, environmentally friendly and presents high removal ef-
ficiencies, between 50 and 98% depending on the bioreactor [19].
Moreover, microorganisms can adapt to the different environmental
conditions presented by the aqueous media [20]. Nonetheless, it also
presents some drawbacks, especially the long degradation times, the
inability to reuse microorganisms and the difficult scale-up. Further-
more, the use of both membranes and microorganisms can lead to the
generation of secondary microplastics [21]. Advanced oxidation pro-
cesses are environmentally friendly technologies that are attracting
attention for their ability to degrade MPs in a short time. However, to
date, they have low removal efficiency with a 3% weight loss and can
result in the formation of by-products [22,23].

Adsorption is a methodology that has been previously proved with
many other pollutants. It overcomes most of the limitations of the pre-
viously reported techniques, as it shows high removal efficiency within
relatively short operation times, and it does not imply high energy costs,
reactants consumption or complex processes [24]. However, the ad-
sorbents that have been reported until date for the capture of MPs,
including carbonaceous materials, zeolites, polymers, and inorganic
clays, usually present a rapid saturation and high costs related with the
regeneration step [20,22]. Microplastics are generally characterized by
a strong hydrophobicity, thus presenting affinity towards other highly
hydrophobic materials [25,26]. Besides, the pH of the water matrix
plays an important role, as it can modify the superficial charges of both
microplastics and adsorbent particles, modifying the electrostatic in-
teractions between them [27]. Microplastics usually present isoelectric
points around pH 4, which means that at higher pH values, MP’s surface
is negatively charged and presents electrostatic attractions towards
positively charged particles [28,29]. As an alternative, this work pro-
poses the use of the adhesion of functionalized magnetic nanoparticles
on the surface of microplastics to remove these pollutants from waste-
waters. This alternative takes advantage of the characteristics of mag-
netic nanoparticles, such as high surface area which favours the
interaction with target compounds; physical and chemical stability; high
mobility, resulting in short diffusion distances, fast kinetics, and thus in
reduced costs and improved efficiency [30]. Moreover, the functional-
ization provides remarkable advantages to enhance the possibility of
diverse type of interactions. The main mechanisms for magnetic
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nanoparticles adhesion on microplastics include electrostatic in-
teractions and molecular forces. With the aim of removing microplastics
from polluted water, functionalized magnetic nanoparticles offer a
sustainable solution. These particles exhibit high adhesive capacity and
superparamagnetic behaviour below a certain diameter, which is
material-dependent, allowing the facilitated recovery of loaded nano-
particles under the action of a magnetic field [31-33]; and finally, the
possibility to be regenerated in a short time by modifying the surface
tension with the aid of surfactants or by adjusting the surface charge
after saturation via pH value in a cost-effective process [34-37].

So far, there are very few works that study the applicability of
magnetic nanoparticles for the capture of microplastics. In 2020, Grbic
et al. [38] obtained hydrophobic nanoparticles by functionalizing
commercial Fe magnetic nanoparticles with silane; more than 92% of
MPs with size < 20 pm and > 1000 pm were recovered from seawater,
while 78% and 84% of 200-1000 pm MPs were separated from fresh-
waters and sediments, respectively. Misra et al. [39] synthesized hy-
drophobic core-shell iron oxide/silica particles following a
microemulsion method and coating them with an ionic liquid; 100%
removal was reported for 1 pm and 10 pm polystyrene beads after 24 h of
contact time. Shi et al. [40] used commercial Fe304 nanoparticles and a
contact time of 150 min, to obtain average removal percentages of 87%,
85%, 86% and 63% for the capture of 200-900 pm polyethylene,
polypropylene, polystyrene and polyethylene microplastics, respec-
tively. Bhore et al. [41] functionalized commercial iron oxide (II-III)
nanoparticles (50-150 nm) with phosphotungstic acid and different
amines leading removal percentages of 1 um polystyrene microplastics
higher than 99%. Lastly, Martin et al. [42] synthesized magnetic
nanoparticles following a thermal decomposition method and coated
them with hydrophobic polydimethylsiloxane, reporting recoveries of
nearly 90% for microplastics with size in the range 2-5 mm and 100%
captures for 100-1000 nm MPs. Therefore, it is important to design
magnetic nanoparticles in order to reduce the operation time and to
address the optimum working conditions leading to different superficial
properties that can drive the MPs capture by different mechanisms.

In this study, magnetic nanoparticles were synthesized using two
synthesis methods: the hydrothermal method of coprecipitation and the
solvothermal method of thermal decomposition, whose main difference
lies in the coating that is formed on the thermal decomposition particles
due to the surfactant employed during the synthesis [43]. Then the
particles synthesized by both methods were compared in terms of their
properties such as composition, superficial charge, size, and on their
performance for the capture of microplastics. Different initial concen-
trations of the synthesized magnetic nanoparticles and contact times
were applied to study the capture of polyethylene (PE), selected as a
model target pollutant. As previously mentioned, the global plastic
production raised up to 400.3 million tonnes in 2022, being poly-
ethylene plastics the predominant ones, accounting for a 26.3% of the
total plastic produced [2]. Furthermore, several studies reported the
presence of these microplastics in oceans and secondary effluents of
wastewater treatment plants [44-46]. As a remarkable novelty, different
functionalization processes were employed to enable a new insight into
the interactions between PE MPs and different surface-modified mag-
netic nanoparticles for the removal of these contaminants of emerging
concern from water matrices. Amino groups were grafted on the surface
of thermal decomposition particles with the aim of modifying their su-
perficial charge and isoelectric point, increasing the pH range at which
they present electrostatic attractions towards negatively charged MPs.
Moreover, a cost-effective and greener functionalization process with
sodium alginate was applied to the coprecipitation particles to evaluate
if the mechanism based on hydrogen bonding, instead of electrostatic
attraction could lead to a faster MPs capture. Sodium alginate is a
biodegradable, renewable and biocompatible material which has a large
number of industrial applications in many fields such as biotechnology,
biomedicine and food industries [47]. In summary, the results reported
in this work shed light on the capture mechanism of PE MPs using
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functionalized magnetic nanoparticles and contribute to the develop-
ment of new reliable techniques for the fast, cost-effective and envi-
ronmentally friendly separation of microplastics from different polluted
water sources.

2. Materials and methods
2.1. Materials

Triethylene glycol (TEG, Ce¢H1404) and ethyl acetate (C3HgOo,
99.9%) were purchased by Fisher Chemical (Madrid, Spain). Iron (III)
acetylacetonate (Fe(acac)s, 97%), ferrous chloride (FeCly - 4H20, >
99%), ferric chloride (FeCls - 6H20, > 99%), n-[3-(trimethoxysilyl)
propyl] ethylenediamine (TMPED, 99%), sodium hydroxide (NaOH 2
M), hydrochloric acid (HCl, 2 M), ammonia (NHs, 30%) and sodium
alginate ((C¢H7NaOg),) were obtained from Sigma-Aldrich (Buchs,
Switzerland). Toluene dry (C¢HsCHs3, 99%) and isopropyl alcohol
(C3HgO, 99.5%) were supplied by PanReac AppliChem (Barcelona,
Spain), and ethanol (CoHs0H, > 99.5%) was purchased by Merck
(Darmstadt, Germany). All chemicals were used as received without
further purification and solutions were prepared with ultrapure water
(18 MQ - cm Millipore), tap water, natural Cantabrian Sea water and
WWTP secondary effluent. Wastewater samples were collected from the
secondary effluent of Vuelta Ostrera Wastewater Treatment Plant
(WWTP) (Cantabria, Spain) and stored in amber bottles in the dark at
4 °C. Besides, the characterization of the different water bodies
employed is shown in Table S1. Fluorescent green polyethylene micro-
spheres with a size of 231 + 19 pm were provided by Cospheric (Cali-
fornia, United States).

2.2. Synthesis and functionalization of magnetic nanoparticles

Two different methods were used for the synthesis of magnetite
nanoparticles: thermal decomposition and coprecipitation. Then, the
surface of the magnetic nanoparticles synthesized by thermal decom-
position was functionalized with primary and secondary amino groups
by means of the alkoxysilane TMPED in order to evaluate the role of
electrostatic interactions with MPs. Besides, the magnetic nanoparticles
synthesized by coprecipitation were coated by sodium alginate (SA) to
analyze the importance of molecular forces in their interaction with
MPs. Both the synthesis and amino-functionalization steps of thermal
decomposition particles are based on protocols reported in a previous
work of the research group [34]. Moreover, the synthesis and SA-
functionalization of coprecipitation particles are based on the works
reported by Molaei and Salimi [48] and El-Shamy et al. [49].

Briefly, for the thermal decomposition synthesis, 2.1 g of Fe(acac)s
were suspended in 75 mL of TEG, sonicated for 5 min (FB 15050, Fisher
Scientific) and poured into a three-necked round bottom flask equipped
with a heating mantle, magnetic stirrer, condenser, and inert nitrogen
atmosphere. The mixture was heated at 180 °C for 30 min and then, at
280 °C for further 30 min. The resulting suspension was cooled down to
room temperature and centrifuged (Eppendorf 5810, 10000 rpm). The
particles were then separated using a magnet, washed three times with
30 mL of ethanol and 60 mL of ethyl acetate and dried in an oven at
100 °C until completely dry.

For the coprecipitation synthesis, 6.4 g of FeCls - 6 HyO and 2.4 g of
FeCl; - 4 Hy0 were added to 200 mL of ultrapure water. This solution
was stirred in a three-necked round-bottom flask equipped with a
heating mantle, magnetic stirrer, and Ar inlet for 30 min. Then by
dropwise addition of NHg, pH increased and black precipitates were
formed. Then, the resulting suspension was centrifuged and washed
several times until reaching neutral pH conditions. The particles were
separated using an external magnet and dried in an oven at 80 °C until
completely dry.

For the amino-functionalization, 500 mg of thermal decomposition
nanoparticles were suspended in 50 mL of toluene and 2 mL of TMPED.
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The mixture was sonicated for 5 min and poured into a three-necked
round bottom flask and heated to 110 °C for 3 h with a heating
mantle equipped with magnetic stirrer, condenser, and inert nitrogen
atmosphere. The resulting suspension was cooled down at room tem-
perature and centrifuged, the particles were separated with the help of a
magnet, purified three times with 10 mL of isopropyl alcohol and dried
in an oven at 120 °C to remove traces of toluene.

For the SA-functionalization of the coprecipitation particles, 15 g of
SA were added to 500 mL of ultrapure water and stirred vigorously until
its complete dissolution. Then, the resulting solution was mixed with
800 mg of coprecipitation nanoparticles and stirred for 5 h. After
centrifugation, the functionalized nanoparticles were collected with a
magnet and dried overnight.

2.3. Characterization of microplastics and magnetic nanoparticles

Several techniques were used to confirm the surface properties of the
functionalized magnetic nanoparticles; Fourier-transform infrared (FT-
IR) spectroscopy was applied using a Perkin Elmer Spectrum 65 spec-
trometer acquired from Perkin Elmer (Madrid, Spain); the measurement
was carried out in a reflectance spectrum between 400 and 4000 cm™,
with a resolution of 4 ecm™, 150 scans and a step speed of 2 mm s, Zeta
potential values were obtained by means of dynamic light scattering
techniques in a Zetasizer Nano ZS equipment provided by Malvern
(Worcestershire, United Kingdom); the instrument was calibrated using
latex particles as reference material (DTS1235 standard), and all the
measurements were triplicated, at room temperature, using 0.1 mg mL!
solutions previously sonicated for 10 min, with 17 °C angle glass cu-
vettes. The size and shape of the PE MPs were obtained with a stereo
microscope (Nikon SMZ18) obtained from Nikon Instruments Inc.
(Amstelveen, Netherlands), equipped with a green fluorescence filter
(light wavelength ~ 550 nm) and a Jenoptik ProgRes C5 camera; images
were taken and studied using the ProgRes® CapturePro software (Cap-
turePro V2.10.0.0). The size and shape of the magnetic nanoparticles
were determined in a Transmission Electron Microscope (TEM) Jeol JEM
1011 for coprecipitation particles and Jeol JEM 2100 for thermal
decomposition particles supplied by JEOL (Benelux, Belgium). The im-
ages were analyzed by ImageJ software. Morphological characterization
and elemental analysis were obtained by scanning electron microscopy
(SEM) and energy dispersive analysis (EDX) using Carl Zeiss, model EVO
MA15 microscope acquired from ZEISS (Munich, Germany). The mag-
netic properties of the nanoparticles were evaluated with a Quantum
Design MPMS XL-5 SQUID magnetometer provided by Quantum Design
(Grimbergen, Belgium) whilst heating from 2 to 300 K under different
applied magnetic fields from 1 to 85 kOe. A thermogravimetric analysis
(TGA) was carried out in a TGA/DTA-DTG Shimadzu equipment, heat-
ing the sample up to 1000 °C purchased from METTLER TOLEDO
(Barcelona, Spain). The dispersion of the magnetic nanoparticles in the
different water matrices were employed in an ultrasonic bath (FB15050)
with a frequency of 50/60 Hz, a power of 80 W and a voltage of
220-240 V acquired from Fisher Chemical (Madrid, Spain).

2.4. Experimental procedure for the capture of microplastics

When dealing with nanomaterials, several variables must be
considered to evaluate the PE MPs capture efficiency such as the con-
centration and contact time of both MPs and magnetic nanoparticles, the
morphology and composition of MPs, the properties of magnetic nano-
particles acquired from different synthesis and functionalization
methods, the quality of the water matrix and the experimental capture
procedure. To assess the performance of the magnetic nanoparticles on
the capture of MPs, a set of experiments was designed to evaluate the
influence on the capture efficiency of various mentioned variables: i) the
concentration of magnetic nanoparticles; ii) the synthesis method of the
magnetic nanoparticles, including thermal decomposition and copreci-
pitation; iii) the contact time between polyethylene MPs and both types
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Fig. 1. Schematic representation of A) rare-earth magnet before being introduced in the suspension of magnetic nanoparticles and fluorescent polyethylene mi-
crospheres, B) magnetic separation process and C) separation of magnetic nanoparticles with captured PE MPs from non-captured PE MPs.

of magnetic nanoparticles; iv) the kind of functionalization under
different pH conditions; and finally v) the water constituents by using
different polluted water bodies.

For the experimental procedure, a determined concentration of the
synthesized or surface-modified magnetic nanoparticles were suspended
in UP water and sonicated in an ultrasonic bath for 20 min to ensure
homogeneous dispersion. Subsequently, 0.5 g L1 of polyethylene MPs
were added. The resulting mixture with a pH of 5.2 + 0.3 was stirred at
180 rpm for 20 min at ambient temperature. Then, a rare-earth magnet
(NdFeB) was introduced into the suspension to achieve a complete
separation of those PE microplastics that had interacted with the mag-
netic nanoparticles as shown in Fig. 1.

Following this methodology, some sequential changes were pro-
duced to determine the influence of the variables defined above. In order
to study the influence of the initial magnetite concentration, thermal
decomposition magnetic nanoparticles were suspended in UP water at
concentrations ranging from 0.3 g L to 1.8 g L'L. Then, to evaluate the
influence of the synthesis method, suspensions of 1.3 g L of the

magnetic nanoparticles were prepared with particles obtained from both
methods. After 20 min of sonication and the addition of MPs, the mix-
tures were stirred for times in the range 1-240 min at 180 rpm and room
temperature to study the effect of the contact time.

To analyze the influence of the presence of the different functional
groups a suspension of the functionalized magnetic nanoparticles was
sonicated for 20 min. PE MPs were added and the pH was adjusted to
several values in the range 4-8 to evaluate if a modification in the su-
perficial charge of the magnetic nanoparticles and MPs modify the
capture efficiency altering the electrostatic forces between the different
particles.

After evaluating the operating conditions and the interaction be-
tween MPs and different magnetic nanoparticles, the same methodology
was followed to analyze the influence of the water constituents
employing the magnetic nanoparticles which had achieved the best re-
sults. Ultrapure water, tap water, sea water and WWTP secondary
effluent were used as water matrices at their natural pH values.

The captured PE microplastics covered by magnetic nanoparticles
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Fig. 2. FTIR spectra for the polyethylene microspheres, sodium alginate, SA-functionalized and bare coprecipitation magnetic nanoparticles and the amino-

functionalized and bare thermal decomposition magnetic nanoparticles.
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were analyzed with a stereo microscope equipped with a green fluo-
rescence filter. Moreover, the resulting supernatant was filtered,
retained polyethylene MPs were dried in the desiccator and once they
were completely dried, the final solid was weighted to calculate the
amount of non-captured microplastics. All the experiments were dupli-
cated to check their reproducibility. Therefore, the results obtained are
shown as mean values + standard deviation. The capture percentage (1),
%) was calculated applying Eq. (1) where Ciyjtiq) is the initial concen-
tration of MPs in water and Cgpq is the concentration of non-captured
MPs after predetermined time intervals.

(Cinitial — Cinal)

initial

PE MPs capture(%) = -100 1)
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3. Results and discussion
3.1. Characterization of microplastics and magnetic nanoparticles

Fig. 2 shows the FT-IR spectra of the polyethylene microspheres,
sodium alginate and SA-functionalized and bare coprecipitation parti-
cles. Regarding the spectrum of polyethylene MPs, bands in the range of
500-800 cm'! are attributed to the C-C stretching vibrations, while the
band located at around 1000 cm! is attributed to the coupling of the
rocking of CHy and CHs. Finally, the intense bands at 1460 cm™ and in
the range of 2780-2970 cm’! are assigned to the bending vibration and
stretching mode of CHj, respectively [50,51]. In the two samples of
magnetic nanoparticles, iron oxide is the core material, thus, all the
spectra show an intense band at a wavelength around 520 cm™, corre-
sponding to the Fe-O bond at the octahedral and tetrahedral sites of
Fe304 [52]. The bare coprecipitation particles do not present any other
significant band except at 3200 cm™ due to the presence of adsorbed
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water [53]. When these particles are functionalized with sodium algi-
nate, some bands corresponding to carboxyl groups appear at 1608 and
1400 cm™, and 1064 cm™ related to C-O vibrations of carbonyl groups.
Furthermore, the SA-functionalized coprecipitation spectra still presents
bands at 3200 cm™! and 3640 cm™! related to the hydroxyl groups of the
remaining water adsorbed on the particles and the O-H vibrations in the
sodium alginate, respectively [48].

Besides, in Fig. 2, the thermal decomposition particles present
additional bands compared to the spectra of coprecipitation particles,
corresponding to the O-H bending vibration at 1000 cm’, the O-H
stretching vibration at 1550 cm™ and the C-H stretching vibrations at
1300 and 2900 cm. The presence of these bands is attributed to the
TEG coating that is formed around the magnetic cores during the ther-
mal decomposition synthesis process [34,54-57]. When these particles
are amino-functionalized, the FTIR spectrum shows two additional
bands at 770 and 1600 cm™ corresponding with the stretching Si-O-Si

@ n
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vibration of the siloxane groups and to the characteristic bands of the
amino groups, respectively [34,56-60].

Fig. 3A displays the zeta potential values as a function of pH (from
pH 2 to pH 10) for MPs, bare magnetic nanoparticles and functionalized
magnetic nanoparticles. Zeta potential (or Electrokinetic potential) is a
measure of the magnitude of the electrostatic repulsion/attraction be-
tween particles and is one of the fundamental parameters known to
affect stability of dispersed systems. When a material comes in contact
with a liquid, the functional groups on its surface react with the sur-
rounding medium. This process results in a surface charge, which at-
tracts the accumulation of oppositely charged ions [61,62]. For all cases,
the zeta potential values of the different materials increase while
decreasing the pH. As expected, the Z potential values obtained for PE
MPs are consistent with those reported in the literature, since they
exhibit negative Z potential values at pH > 4 [63-65]. On the other
hand, all samples of the bare magnetic nanoparticles present a positive

B)

Fig. 4. Optical microscope and TEM images of A) polyethylene microspheres (scale bar 400 pm), B) magnetic nanoparticles adhered to polyethylene microspheres
(scale bar 400 pym), C) bare and D) SA-functionalized coprecipitation particles (scale bar 200 nm), E) bare and F) amino-functionalized thermal decomposition

particles (scale bar 20 nm).
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surface charge for acidic pH values while negative values of Z potential
are observed at basic pH values. As previously reported in the literature,
non-functionalized magnetic nanoparticles have isoelectric points be-
tween pH 6 and 7 [34,58,59,66,67]. Furthermore, surface modification
shifts the isoelectric point to higher or lower values depending on the
functional groups grafted on the surface. For example, sodium alginate
shifts the magnetic nanoparticles curve to lower zeta potential values,
while amino groups increase zeta potential values. The comparison of
the curves leads to several conclusions: i) after functionalization of the
magnetic nanoparticles, zeta potential values vary significantly, con-
firming the modification of the surface due to the presence of amino
groups and sodium alginate; ii) zeta potential values reduce when
coprecipitation particles are functionalized with sodium alginate,
decreasing the pH range of potential electrostatic attraction; iii) amino-
functionalization increases zeta potential values of the thermal decom-
position particles and extends the pH range in which the microplastics

and the particles have opposite charge [34,58,59].

Fig. 3B shows the pH range where PE MPs and bare magnetic
nanoparticles have opposite surface charge; it is clearly seen that
coprecipitation and thermal decomposition particles might present
electrostatic affinity to MPs in the range of pH 4-7 and pH 4-6,
respectively. The lower isoelectric point of the thermal decomposition
particles points to less affinity for polyethylene microspheres compared
to the coprecipitation particles due to the narrower pH range where
magnetic nanoparticles and MPs exhibit opposite surface charge. The
reduced value of the isoelectric point of the thermal decomposition
particles is attributed to the organic TEG coating, that is formed around
the magnetic core during the synthesis process, which provides hydroxyl
groups and reduces zeta potential values [49,68].

As shown in Fig. 3C, amino-functionalization raises the isoelectric
point to pH 8, leading the magnetic nanoparticles to have electrostatic
affinity towards negatively charged microplastics in the range of pH 4-8.
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Besides, natural water bodies display pH values ranging from pH 7 to pH
8, which means that there is no need to change this parameter [69-71].
However, SA-functionalized particles have the isoelectric point at pH 5,
so magnetic nanoparticles are expected to have electrostatic interactions
between pH 4 and pH 5, which is a narrower range, compared to amino-
functionalized particles and does not coincide with the natural pH of the
effluents. As a result, if electrostatic interactions were the main mech-
anism responsible for the interactions between magnetic nanoparticles
and MPs, amino-functionalized magnetic nanoparticles would be better
suited for capturing negatively charged microplastics over a wider pH
range than SA-functionalized and bare particles.

Fig. 4 displays the optical microscope image of polyethylene mi-
crospheres and magnetic nanoparticles adhered to them, as well as TEM
images of SA-functionalized and bare coprecipitation particles, and
amino-functionalized and bare thermal decomposition particles. PE
microspheres present a mean measured diameter of 232 + 8 pm with

spherical shape which is consistent with the characteristics reported by
the supplier. All magnetic nanoparticles showed spherical shape
regardless of the synthesis method. In the case of coprecipitation syn-
thesis, the particles had average diameters of 8.9 + 1.2 nm, similar to
the value of 8.2 nm reported in previous works of the research group for
a similar synthesis procedure [34]. The particles obtained by thermal
decomposition reported mean size about 11.7 + 1.3 nm, which are
similar to the values found in literature following the same synthesis
methodology. For instance, Cai and Wan [54] reported a mean diameter
of 7 nm; Maity et al. [55] reported an average diameter of 11 nm and a
previous work of the same research group reported a value of 12.1 nm
[34]. Differences in size of bare magnetic nanoparticles from different
synthesis methods were not significant, possibly attributable to slight
variations in the experimental procedure. After SA-functionalization,
the diameter of the particles increases to 13.7 + 1.0 nm due to the
coating of sodium alginate. Finally, it is observed that the particle
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diameter of amino-functionalized thermal decomposition particles and
non-functionalized magnetic nanoparticles are similar, which means
that the addition of amino groups does not lead to an appreciable in-
crease in size. Nonetheless, there is a visual decrease in the tendency of
the amino-functionalized magnetic nanoparticles to agglomerate, which
is consistent with the higher values of Z potential of the functionalized
particles, which promote the stability of the particles’ suspension due to
repulsion phenomena.

In order to demonstrate the correct synthesis and functionalization of
the different magnetic materials, Figs. S1-S4 display SEM images, EDX
and elemental mapping of bare and SA-functionalized coprecipitation
particles and bare and amino-functionalized thermal decomposition
particles, respectively. In the EDX and elemental mapping, the synthe-
sized magnetic materials present a strong abundance and purity of Fe
(69.1 + 0.5%) and O (30.5 + 0.2%) as an index of the formation of the
magnetic core. Moreover, Figs. S2 and S4 verify the successful surface
modification of the SA-functionalized coprecipitation and amino-
functionalized thermal decomposition particles due to the detection of
C as consequence of the sodium alginate coating, and N and Si because of
the addition of amino-based alkoxysilanes employed for
functionalization.

Furthermore, Fig. 5.A shows the hysteresis loops obtained by the
magnetic characterization of the different nanoparticles. A noteworthy
property of the synthesized materials is the superparamagnetic behav-
iour, which is confirmed by the fact that all the magnetic curves show
values of magnetization close to 0 when the magnetic field becomes 0 Oe
(see inset of Fig. 5A) [72]. According to the magnetic saturation values,
particles synthesized by thermal decomposition show a higher magnetic
saturation value, of 66 emu g, than those obtained for coprecipitation
particles, 51 emu gl This improved magnetic behaviour is attributed to
the larger particle sizes presented by thermal decomposition particles, as
previously depicted in Fig. 4. After the amino-functionalization and SA-
functionalization of the particles synthesized by thermal decomposition
and coprecipitation methods, their magnetic saturation values
decreased to 63 emu g and 49 emu g}, respectively, which does not
imply a significant reduction in the superparamagnetic properties of the
functionalized magnetic nanoparticles. Moreover, in Fig. 5.B, a ther-
mogravimetric analysis is carried out to verify the surface modification
of the bare magnetic nanoparticles. In the case of the non-functionalized
magnetic nanoparticles, the weight loss for both the coprecipitation and
thermal decomposition particles takes place in the range of 0-250 °C

which is attributed to the water adsorbed on the surface for coprecipi-
tation particles and the TEG coating that is produced in the synthesis
method and remaining ethanol of the cleaning stage [56], respectively.
In the case of functionalized magnetic nanoparticles, the weight loss in
the range of 200-300 °C correspond to the sodium alginate coating
(9.4%) for SA-coprecipitation particles [73,74], while the amino-
thermal decomposition particles loss of 16.2% in the range of
250-1000 °C is attributed to the anchoring of amino groups [34]. In
addition, the crystallographic structure of bare coprecipitation and
thermal decomposition nanoparticles is confirmed in Fig. S5. Both par-
ticles share the same peak profile, which corresponds to the main phase
of a crystal structure and is compatible with nanostructured compounds.
The position and intensity of the diffraction peaks, match with the
magnetite database in the International Centre for Diffraction Data
(ICDD, PDF2: 75-0449).

3.2. Experimental analysis of MPs capture

After characterization of the magnetic nanoparticles, their viability
for the capture of microplastics was tested, using polyethylene micro-
particles as model pollutant. Initially, a reference experiment was per-
formed by dispersing microplastics in water which were subjected to a
magnetic field not observing any interaction.

Fig. 6 displays the percentage of microplastics captured when poly-
ethylene microspheres were contacted with magnetic nanoparticles
synthesized by thermal decomposition, for a predetermined time of 20
min. The initial concentration of PE in the suspension was 0.5 g L' while
the concentration of magnetic nanoparticles ranged in the interval be-
tween 0.3 g L't and 1.8 g L%, It is observed that the capture percentage
increased from 31.2 + 4.8% to 72.8 + 1.1% when the magnetic nano-
particles initial concentration varied from 0.3 to 1.8 g L., However, no
significant change in the capture percentage was observed after 20 min
of contact time for concentrations > 1.3 g L Therefore, this value was
selected as the initial concentration of magnetic nanoparticles for
further research. These capture results are consistent with those ob-
tained by Shi et al. [40], who reported that the addition of a higher
concentration of magnetic nanoparticles does not generate significant
difference in the capture percentage of polyethylene MPs when using
commercial nano-Fe3O4 particles with a size of 900 pym.

Fig. 7 the MPs capture percentage obtained when a suspension of 0.5
g L1 of polyethylene microspheres and 1.3 g L' of magnetic
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Water matrix

Fig. 10. PE MPs capture percentage from different water matrices applying SA-functionalized coprecipitation particles. PE MPs concentration: 0.5 g L'\, Magnetic

nanoparticles concentration: 1.3 g L'\ Contact time: 20 min.

nanoparticles were contacted from 1 min to 240 min. Experiments were
conducted for magnetic particles synthesized by thermal decomposition
and by coprecipitation, to evaluate the influence of the synthesis method
on the kinetics of the process.

In this work and for the experimental conditions used, it is confirmed
that higher capture percentages were obtained for particles synthesized
by thermal decomposition, varying from 36.6 & 1.5% for small contact
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times of 1 min to 85.3 + 2.9% for 30 min whereas capture percentages
with coprecipitation particles ranged from 22.6 + 3.3% to 57.2 + 7.5%.
However, in both cases, an increase in the contact time led to an increase
in the capture percentage, achieving percentages higher than 95% for
contact times of about 240 min. Therefore, the surface modification of
magnetic nanoparticles improves the capture kinetics, but does not
affect the maximum capture percentage. For further experiments, an

Molecular
forces

—

Electrostatic
forces

—

®

Polyethylene

OCHs

N-[3-(Trimethoxysilyl) propyl] ethylenediamine

Fig. 11. Different mechanisms of the capture of polyethylene microplastics.
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Table 1
Comparison of the MPs capture efficiency from other researches.
Magnetic nanoparticles Magnetic MPs MPs size MPs Magnetic nanoparticles/  Contact time  Capture Reference
nanoparticles (pm) Concentration MPs Ratio (min) percentage (%)
Concentration (g L'l) (g L'l)
Nano-Fe304 1.3 PE 900 0.5 2.6 150 98 [30]
Fe304-PWA/nOct 1 PS 1 0.001 1000 360-720 99 [41]
Fe304@Cy2 10 GFL-PS 0.2 1 10 660 90 [81]
Nano-Fe@ZIF-8 1 PS 1.1 0.025 40 5 88.7 [82]
PEG/Fe304 2 PE 13-149 2 1 180 84 [83]
Amino-thermal 1.3 PE 212-250 0.5 2.6 20 75.5 This work
decomposition particles
SA-coprecipitation particles 1.3 PE 212-250 0.5 2.6 20 82.4 This work

intermediate time of 20 min is selected as the contact time between
magnetic nanoparticles and MPs, since capture percentages around 60%
were obtained, high enough to appreciate changes when modifying
other variables such as the synthesis method, pH or functional groups.

To evaluate the differences in the capture kinetics observed with
particles synthesized by both methods, an analysis of the expected in-
teractions between magnetic nanoparticles and MPs has been carried
out. If it is initially assumed that electrostatic interaction is the main
mechanism responsible for the capture of MPs, at pH 5.2 and regarding
the values of zeta potential depicted in Fig. 3B, the bare coprecipitation
particles would be expected to show faster capture at this pH since the
difference in the surface charge of these particles and MPs is greater than
the observed difference with thermal decomposition particles. Never-
theless, as better performance is achieved with thermal decomposition
particles, it is concluded that electrostatic interaction may not be the
main interaction mechanism in this case.

When using coprecipitation particles, as shown in Fig. 2, the water
adsorption on the surface of the magnetic nanoparticles led to the
presence of OH groups on their surface. The presence of these groups
leads to the formation of hydrogen bonds between magnetic nano-
particles and MPs. The slightly enhanced capture of the thermal
decomposition particles may be attributed to the higher contribution of
hydrogen bonds formed due to the TEG coating which provides a higher
number of hydroxyl groups than the water adsorbed on the particle
surface [75]. Furthermore, the affinity of microplastics towards organic
compounds, such as the TEG coating, has been previously confirmed in
literature [25,26,76,77]. Therefore, the surface modification of mag-
netic nanoparticles improves the capture kinetics, not affecting the
maximum capture percentage. For this reason, it is key to functionalize
magnetic nanoparticles in order to achieve better results in terms of
faster MPs capture.

To confirm the hypothesis that the formation of hydrogen bonds is
the main interaction mechanism, the influence of pH was evaluated.
Besides, the behaviour of magnetic nanoparticles functionalized with
amino groups and sodium alginate was studied and compared with the
performance of bare magnetite nanoparticles. Suspensions of 0.5 g L' of
polyethylene MPs and 1.3 g L of bare coprecipitation and amino-
functionalized thermal decomposition nanoparticles were adjusted to
different pH values in the range 5 to 8 and left inside an ultrasonic bath
for 20 min; results are shown in Fig. 8. According to the values of zeta
potential (Fig. 3B), bare coprecipitation particles might be active in the
range of pH 4-7. The bare coprecipitation particles showed capture
percentages ranging from 52.9 + 2.1% to 61.1 + 1.9% between pH 4
and pH 8. At pH 8 coprecipitation particles and microplastics were ex-
pected to exhibit repulsive interactions, but the capture percentage did
not vary significantly compared to the values obtained at lower pH
values, confirming that electrostatic forces were not the main interac-
tion force as it was previously mentioned. Consequently, both copreci-
pitation and thermal decomposition particles exhibit hydrogen bonds as
the main interaction force due to the hydroxyl groups of adsorbed water
and TEG, respectively.
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Fig. 8 also shows an increase of the capture percentage when using
amino-functionalized particles compared to coprecipitation particles. In
this case, amino-functionalized nanoparticles are expected to attract
electrostatically negatively charged microplastics in the range pH 5-8.
The results showed capture percentages that varied from 75.5 + 2.3% at
pH 5 to 48.8 £ 1.2% at pH 8. The decrease in the capture percentage of
MPs with an increase in the pH value is attributed to deprotonation of
amino groups on the surface of the magnetic nanoparticles that weakens
their electrostatic affinity towards microplastics. Comparing these re-
sults with the performance of bare magnetic nanoparticles, it is observed
that amino-functionalization improves the capture of MPs at pH 5;
however, when pH increases, coprecipitation particles exhibit similar
performance than functionalized nanoparticles. Consequently, func-
tionalization of magnetic nanoparticles with amino groups makes the
particles interact with MPs through electrostatic attraction as the main
force.

Furthermore, coprecipitation particles, which were synthesized by a
more cost-effective and greener process compared to thermal decom-
position particles, were functionalized with sodium alginate. Suspen-
sions of 0.5 g L'! of polyethylene MPs and 1.3 g L' of SA-functionalized
and bare coprecipitation magnetic nanoparticles were adjusted to
different pH values in the range 4-8 and left stirring for 20 min; results
are shown in Fig. 9. This figure shows an increase of the capture per-
centage when using SA-functionalized particles compared to the non-
functionalized coprecipitation particles with values ranging from 72.2
+ 0.5% to 82.4 + 0.3% corresponding to SA-coprecipitation particles.
Additionally, outside the attraction zone depicted in Fig. 3C, the capture
percentage decreased when the zeta potential values of magnetic
nanoparticles became more negative with values of 76.1 + 2.8%, 75.8
+ 0.6% and 72.2 + 0.5% at pH 6, 7 and 8, respectively. However, the
variation was not very significant, indicating that electrostatic in-
teractions are not the predominant mechanism.

As previously mentioned, bare coprecipitation particles and MPs
exhibit hydrogen bonds due to the hydroxyl groups. However, when
using SA-functionalized particles, an increase in the capture percentage
is observed compared to bare coprecipitation particles. This increase in
the capture percentage was attributed to the presence of polar groups
such as COOH and OH in sodium alginate molecules, which contributed
to the formation of hydrogen bonds. As reported by Rafa et al. [78], Ma
et al. [79] and He et al. [80], microplastics have the ability to form
hydrogen bonds with polar functional groups, thereby enhancing their
adhesion and transport in different media. Therefore, the surface-
modified coprecipitation particles exhibited strong interactions with
PE microparticles, thereby improving the capture kinetics.

Comparing the capture percentage of MPs by using amino and so-
dium alginate surface-modified magnetic nanoparticles, the alginate-
functionalization reported the highest values, which is consistent with
the appearance of hydrogen bonds as the main interaction mechanism.
Furthermore, the cost-effective, fast and greener synthesis and func-
tionalization process of these SA-functionalized particles is a remarkable
novelty for the removal of MPs in wastewater.



D. Aragon et al.

Finally, the analysis of the influence of the water matrix on the
removal of microplastics was carried out. Ultrapure water, tap water,
seawater and WWTP secondary effluent were used as water matrices
with pH values of ~7.00, 7.99 + 0.04, 8.13 + 0.01 and 7.14 + 0.44,
respectively. SA-functionalized magnetic nanoparticles were selected
for the removal of microplastics due to the fastest capture results and the
independence of the pH values on the separation. Suspensions of 0.5 g L
! of polyethylene MPs and 1.3 g L'! of SA-functionalized coprecipitation
nanoparticles were prepared using different water matrices and left in-
side an ultrasonic bath for 20 min. Fig. 10 displays the results of the
microplastics capture percentages when using different matrices. Due to
the small differences in the capture percentage, the influence of the
water matrix on the removal of microplastics is considered negligible,
confirming the formation of hydrogen bonds, which are independent of
the pH. Therefore, the presence of wastewater constituents, such as
monovalent or divalent salts and natural organic matter, does not
contribute to a worse performance in the capture method, which implies
a noteworthy contribution to be applied in advanced water treatment
processes.

Fig. 11 summarizes the mechanisms responsible for the capture of
polyethylene microplastics by using surface-modified magnetic nano-
particles. The coprecipitation synthesis method gives rise to bare
magnetite particles, while the thermal decomposition method leads to
particles that exhibit a coating due to the use of triethylene glycol as
surfactant during the synthesis. The SA-functionalization of the copre-
cipitation particles causes the magnetic nanoparticles to interact with
the MPs through hydrogen bonding as the main force and the interaction
of the amino-functionalized thermal decomposition particles is related
to electrostatic forces. According to the surface interactions, the parti-
cles with polar groups on their surface interact with MPs through elec-
trostatic interactions or hydrogen bonds (depending on the type of the
groups).

As shown in Table 1, a wide range of MPs removal percentages have
been reported in the literature which are strongly affected by several
variables such as the contact time, the mass ratio between the magnetic
nanoparticles and MPs, and the particle size. The main novelty of this
work is associated with the evaluation of the mechanisms of MPs capture
when using different functionalized magnetic nanoparticles. Moreover,
the effectiveness of the surface modified magnetic nanoparticles in this
research is promising since SA-coprecipitation particles exhibit a
remarkably high capture efficiency of PE MPs with relatively slow
contact times compared with bibliography. Besides, the results obtained
prove the applicability of these functional nanoparticles for the capture
of PE MPs from polluted waters under different pH conditions, i.e.
groundwaters usually exhibit pH values around 6, whereas river waters
and seawaters have pH values of 7.4 and 8, respectively [69-71].

4. Conclusions

This work proposes the use of magnetic nanoparticles, for the fast,
cost-effective and environmentally friendly capture of microplastic
pollutants in aqueous sources. Magnetic nanoparticles were obtained
following two synthesis methods: the coprecipitation method and the
thermal decomposition method, and the capture of polyethylene
microplastics 232 + 8 pm from a 0.5 g L™} suspension was selected as
representative case of study. First, an increase in the initial concentra-
tion of magnetic nanoparticles synthesized by thermal decomposition,
resulted in an increase in the capture percentage of microplastics.
Nevertheless, no significant change was observed after 20 min of contact
time for magnetic particles concentrations > 1.3 g L'}, considered the
optimum value to achieve the maximum polyethylene capture.
Furthermore, after 20 min of contact time, particles synthesized by
batch thermal decomposition captured 69.3 + 2.1% of the PE MPs, a
value higher than the 57.2 + 7.5% showed by coprecipitation particles.
This improved behaviour was attributed to the TEG coating that is
formed around the magnetic core during the thermal decomposition
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synthesis, which provides polar groups that enhance its intermolecular
interactions toward MPs.

The surface modification was also evaluated to analyze the enhanced
interactions of the amino-functionalized thermal decomposition and SA-
functionalized coprecipitation particles with the MPs. The anchoring of
amino groups on the surface of the magnetic nanoparticles led to a
significant increase in the zeta potential values and, consequently, to a
shift of their isoelectric point to higher pH values moving from pH 6 to
pH 8. Moreover, a capture percentage of 75.5 + 2.3% was obtained at
pH 5 but it decreased with the increase in zeta potential values due to
repulsion electrostatic forces. The SA coating in the coprecipitation
particles reduced the zeta potential values and the isoelectric point and
weakened electrostatic forces towards MPs. However, capture percent-
ages ranging from 82.4 + 0.3% at pH 4.5 to 72.2 + 0.5% at pH 8 were
achieved, which were higher than those of the amino-functionalized
particles. This improvement was attributed to the contribution of
carboxyl and hydroxyl groups to the formation of hydrogen bonds.
Furthermore, the MPs capture percentage did not vary when changing
the water matrix to a polluted water source. Overall, the methodology
reported in this work represents a step forward in the development of
new reliable technologies for the removal of microplastics from aqueous
sources and can be extended to different water sources including
groundwater (pH 6), rivers (pH 7.4) and seawater (pH 8).

As future work, considering the best experimental conditions ob-
tained in this research work, the regeneration and reusability of the
functionalized magnetic nanoparticles will be evaluated. For this pur-
pose, the addition of surfactants and the modification of pH of the media
will be carried out to recycle the magnetic nanoparticles which are
adhered to the MPs and analyze the capture performance after several
experiments, contributing to a more sustainable approach for environ-
mental applications. Besides, it is also planned to study the possible
degradation of the separated microplastics using magnetic-based pho-
tocatalytic materials, avoiding any additional waste generation. More-
over, an upcoming challenge is transferring the knowledge acquired in
these batch capture experiments to a continuous mode, following the
insights of the same research group that has already worked in micro-
fluidic devices for the continuous capture of pollutants using magnetic
nanoparticles and their subsequent magnetophoretic separation.
Finally, the molecular interactions will be analyzed using a molecular
dynamic simulation software. Before the simulation of the interactions,
a modeling of the magnetic nanoparticles and the microplastics has to be
made, trying to minimize the computational load and time consumption.
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