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ABSTRACT: Microplastic pollution has become a primary global concern in the 21st century. Recyclable magnetic particles with
micro-nanostructures are considered an efficient and economical way to remove microplastics from water. In this study,
superhydrophobic magnetic cobalt ferrite particles were prepared by using a simple coprecipitation method combined with surface
functionalization. The micromorphology, chemical composition, hysteresis loop, and surface contact angle of the functionalized
cobalt ferrite were characterized. The separation efficiency and absorption capacity of cobalt ferrite particles in water—oil separation
and microplastic removal were investigated. The results showed that the saturation magnetic field intensity of cobalt ferrite was 65.52
emu/g, the residual magnetization intensity (Mr) was 18.79 emu/g, and the low coercivity was 799.83 Oe. Cobalt ferrites had stable
superhydrophobicity in the pH range of 1—13. The separation efficiency of cobalt ferrite powder for four oil—water mixture
separations was higher than 94.2%. The separation efficiency was as high as 99.6% in the separation of the hexane and water
mixtures. Due to the synergistic effect of the hydrophobic effect and van der Waals force, the functionalized magnetic cobalt ferrite
had a high and stable microplastic removal efficiency and capture capacity. The removal efficiency of microplastics was close to
100%, and the capture capacity was 2.56 g/g. After ten microplastic removal cycles, the removal efficiency reached more than 98%,
and the surface contact angle was still greater than 150°.

B INTRODUCTION drinking water. Long-term exposure to MPs can cause chronic
The rapid development of industries around the world today toxicity, including impaired reproduction and malnutrition,
has also brought about many environmental pollution posing a threat to biota and humans.” Both the serious threats
problems. Microplastic particles (MPs) are considered as a and potential hazards posed by microplastics highlight the
new environmental pollutant in the 21Ist century."” Plastic need to separate them from the environment. In recent years,
fragments with a diameter of less than S mm, defined as various methods and techniques have been used to remove
microplastics, are considered an emerging environmental microplastics. Various strategies have been introduced in real

pollutant that has received widespread attention due to their
potential adverse effects on organisms.”* Due to the relatively
large specific surface area of MPs, heavy metals and persistent
organic pollutants (POPs) tend to adhere and accumulate on
MP surfaces and then migrate in the environment.’ It is Received: June 26, 2024 LANGMUW
predicted that the total mass of plastic debris accumulated in Revised:  September 25, 2024
the ocean may increase to 250 million metric tons (t) by 2025. Acce.pted: September 25, 2024
Microplastics have been readily absorbed by marine orgamsms Published: October 7, 2024
and enter the food chain, thereby jeopardizing public health.®

People have been exposed to microplastics in food and

life to remove microplastics such as multistage removal in
8 .9 .10
wastewater plants,” membrane filtration,” adsorption, = coa-
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Figure 1. Procedure diagram of superhydrophobic cobalt ferrite preparation.

lescence and agglomeration,'' biodegradation,'” photocataly-
sis,”> and so on. Many aspects, such as cost, safety, flexibility,
sustainability, and separation efficiency, are considered. The
above strategies for removing microplastics have the short-
comings of being a time-consuming process, complicated
operation, high cost, and difficulty in meeting the needs of
large-scale production. Meanwhile, in real life, the water
environment often faces more complex problems, including
organic matter and oil pollution.'*

In recent years, the use of magnetic materials as an
alternative to filtration or multistage processes has created an
urgent need for new recyclable and efficient methods of
removing microplastics. Treatment to remove microplastics
and other contaminants from water is of great interest.
Magnetic materials have the advantage of being renewable and
reusable, minimizing the generation of hazardous waste.
Recent studies have shown encouraging results. Misra et al."
used magnetic Fe,0;/SiO, core—shell nanoparticles function-
alized with polymetallic oxonate ionic liquids for microplastic
removal. Herrmann et al.'® removed multiple pollutants from
water by metal oxonate loaded ionic liquid phase (POM-
SIRP). Guo et al.'” created a novel core—shell magnetic
biosorbent. Rius-Ayra et al.'® prepared superhydrophobic
nanostructured CuFeCo powder alloys for the capture of
microplastics. Mayorga—Burrezo13 et al. created an Fe;0,@
BiVO, microrobot for the removal of microplastics and dyes in
the presence of a mixture of photocatalytic and transversely
rotating magnetic fields. These particles also show great
potential for the removal of oil layers from water. Cobalt ferrite
(CoFe,0,) is an interesting material with high magneto-
crystalline anisotropy, high coercivity, and moderate magnet-
ization strength,'” Nano spinel ferrite has attracted attention
due to its small particle size, narrow particle size distribution,
and large surface area.”’ Several methods have been developed
to synthesize cobalt ferrites, including hydrothermal,”" sol—
gel,” chemical reduction,” microwave synthesis,”* mechanical
alloying,”* and coprecipitation.”**’ Among these methods, the
coprecipitation method is characterized by low toxicity, rapid
preparation, and low cost.

In recent years, superhydrophobic materials have proven to
be an innovative strategy for removing pollutants from water
and have been widely studied and applied in the fields of
anticorrosion,”® antifogging,29 self—cleaning,29 and antifoul-
ing.’”*" Generally, a material surface is defined as super-

hydrophobic when its water contact angle is greater than 150°,
its sliding angle is less than 10°, or its contact angle hysteresis
is less than 10°.***® Studies have shown that the microplastic
removal efficiency is related to surface wettability and wetting
stability. Materials with rough structure and low surface energy
have strong water repellency and oil absorption capacity and
show high efficiency in treating oily wastewater pollution.”* In
order to achieve long-lasting separation efficiency and
separation performance, superhydrophobicity should be
achieved by increasing surface roughness and reducing surface
energy.” Therefore, there is an urgent need to investigate
functionalization using magnetite MNPs. Saturated fatty acids
have the property to regulate wettability by modulating surface
groups. Low-cost lauric acid, a low surface energy fatty acid,
dehydrates with the surface hydroxyl groups of the nanoma-
terials, and long carbon chains are distributed on the surface of
the nanomaterials to reduce their surface energy in order to
achieve superhydrophobic properties.”® Huang et al.*’” used
lauric acid modified superhydrophobic cellulose composite
membranes for oil/water separation. However, the function-
alization of magnetic nanoparticles by lauric acid modification
for contaminant removal, such as microplastics, has rarely been
studied. In addition, despite a large number of studies on
microplastic removal, most of them focus on the removal
efficiency, and few analyze the mechanism of microplastic
removal in depth.

Here, we report an efficient alternative purification approach
to remove microplastics and organic contaminants from water
using magnetically functionalized cobalt ferrite particles. The
study was based on a coprecipitation method and surface
modification, where lauric acid adsorbs on the surface of cobalt
ferrites to produce cobalt ferrite particles with stabilized
hydrophobicity and magnetic properties. The cobalt ferrites
can be recycled by using permanent magnets. In this study, we
evaluated the ability of functionalized magnetic cobalt ferrites
to remove microplastics and their potential in purifying water
resources. We also investigated the trapping mechanism
between cobalt ferrites and microplastics. In addition, we
highlight the potential application of functionalized magnetic
cobalt ferrites in water—oil separation.

B EXPERIMENTAL SECTION
Synthesis of the Cobalt Ferrites. Two 25 mL solutions of 0.4 M
FeCly-6H,0 (Scharlau, AR) and 0.2 M CoCl,-6H,0 (Scharlau, AR)

21534 https://doi.org/10.1021/acs.langmuir.4c02420

Langmuir 2024, 40, 21533—-21546


https://pubs.acs.org/doi/10.1021/acs.langmuir.4c02420?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.4c02420?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.4c02420?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.4c02420?fig=fig1&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.4c02420?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Langmuir

pubs.acs.org/Langmuir

in deionized water were prepared separately until the salts were
completely dissolved. Once they were dissolved, they were mixed and
2 mL of octanoic acid (Scharlau, AR) was added drop by drop with
vigorous and constant stirring. Next, a 1.5 M NaOH (Scharlau, AR)
solution was added; the addition was carried out slowly until the pH
value (pH = 8) desired was reached. The solution obtained was
heated at 80 °C with stirring for 1 h, and the product obtained was
allowed to cool to room temperature. The main byproduct of the
reaction was rinsed three times with deionized water and centrifuged
at 1500 rpm for 2 min. The obtained solid was left after rinsing in the
oven at 80 °C for 8 h to completely dry. Finally, a heat treatment was
carried out at 900 °C for 1 h. Figure 1 reveals the procedure for
fabrication of cobalt ferrites.

Surface Modification. 0.5 g of lauric acid (C;,H,,0,, Scharlay,
AR) was dissolved in S mL of absolute ethanol. The cobalt ferrites
were added to this solution and left for 24 h at room temperature,
preferably with a magnet under the vial to increase the surface area.
After 24 h, the lauric acid solution was removed with the help of a
magnet and the ferrites were rinsed with absolute ethanol several
times. Finally, ferrites were left to dry in the air.

Characterization. A JEOL J-7100 field emission scanning
electron microscope (FE-SEM) coupled to an energy-dispersive
spectroscopy (EDS) detector was used to assess the morphology,
semiquantitative composition, and element distribution of the powder
as well as to study the sample surfaces. X-ray diffraction (PANalytical
X’Pert PRO MPD, with radiation Fe filtered Co K with a wavelength
of 1.79 A) was utilized to examine the phase structures of cobalt
ferrites with surface modification. The Scherrer equation® is as
follows:

D= KA
p cos O (1)

D presents the average size of the cobalt ferrite grain size; the value of
K approximates the dimensionless shape factor, which has a value
close to 1; A presents the wavelength of the X-ray; f is the line
broadening at half the maximum intensity (fwhm), after subtracting
the instrumental line broadening, in radians. € presents the Bragg
angle.

Additionally, high-resolution X-ray photoelectron spectroscopy
(HR-XPS) was used on a PHI ESCA-5500 using a monochromatic
X-ray source (Ka(Al) = 1486.6 eV and 350 W) and a Multipak (9.8)
was used for the deconvolution analysis. Variations in the magnetic
parameters were measured at 300 K using an MPMS XL
superconducting quantum interference device (SQUID) magneto-
meter from Quantum Design.

Contact Angle Measurements. Contact angle measurements
were performed in an open atmosphere at room temperature. To
avoid the roughness effect, cobalt ferrite powder was sprinkled on a
glass slide coated with double-sided tape and flattened using another
glass slide, and excess powder was removed.

First, deionized water (DI) and oil (hexane) were used to measure
the water contact angle (WCA) and oil contact angle (OCA) of
cobalt ferrites, respectively. Then, HCl and NaOH (Scharlau, AR)
were used to prepare solutions with different pH values (1, 3, 5, 7, 9,
11, and 13). The surface WCA and sliding angle (SA) of cobalt
ferrites were tested by using these solutions.

During the experiment, 3 4L of deionized water or oil (hexane) was
dropped onto the sample surface. The static WCA and OCA of cobalt
ferrite powder were captured using a Levenhuk DTX digital
microscope. To measure the SA, a 3 uL droplet of deionized water
was similarly placed on a cobalt ferrite powder-coated glass slide. The
slide was then gradually tilted at a controlled rate, until the droplet
began to slide. The angle at which the droplet started to slide was
recorded as the SA. The captured droplet images were processed by
using Image] 1.53a software. Each sample was measured at different
locations at least five times to ensure data reliability and stability, and
the average and standard deviations of these measurements were
calculated. Statistical significance of the results was assessed by using

ANOVA, and 95% confidence intervals were calculated for each
measured parameter to provide an estimate of measurement precision.

Oil-Water Separation. Based on the microplastic removal
experiment, we also conducted a water—oil separation test to test
the ability of cobalt ferrites to separate water and oil. Fill a glass bottle
with § mL of water and then add 20 uL of oil dyed with oil red O
(hexane, petroleum ether, xylene, olive oil). Add 10—32 mg of cobalt
ferrites to each bottle. Shake the bottle by hand and wait for 10 min;
then observe the liquid in the glass bottle. Place a hand-held magnet
on one side of the glass bottle to absorb cobalt ferrite powder, tilt the
bottle, pour out the oil-removed water, and measure the volume of the
water. The powder was weighed before and after separation, and the
adsorption capacity of cobalt ferrites was obtained according to eq
2.* Calculate the separation efficiency of the powder according to eq
3.* Finally, the water was poured out, while the powder was rinsed
several times with ethanol and dried in a fume hood. To recover the
CoFe,0, particles so that they can be used again for oil removal, after
each oil/water separation cycle, they were washed three times with
absolute ethanol and then dried in a fume hood for a few minutes
until the ethanol evaporated. Determination of residual oil in water
and the presence of Oil Red O was performed by a Levonchuck DTX
digital microscope

Q= (ml - mo)/mo (2)

where m, is the mass of the cobalt ferrites before the oil/water
separation and m, is the mass of the cobalt ferrites after the oil/water
separation

n= V= V)/V, x 100% (3)

where V, is the volume of oil in oil/water mixtures and V, is the
volume of the oil lost after oil separation with superhydrophobic
cobalt ferrites.

Microplastics Removal. This research utilized high density
polyethylene (HDPE) with a size of 99—167 um to test the capture
ability of cobalt ferrites. A S mL portion of water was placed in a glass
bottle; then different amounts of microplastics were added and the
solution was stirred and ultrasonically dispersed for a certain period.
Since microplastics were superhydrophobic, they all floated on the
water surface. Then a small amount of powders was put in, and under
the action of a magnet, the powders were guided to capture the
microplastics. Finally, a magnet was placed on one side of the glass
bottle to absorb the magnetic powder, and then the glass bottle was
tipped to drain out the liquid. The capture capacity of the powder was
calculated according to eq 4. Through eq 5* the removal efficiency of
microplastics was calculated

Capture capacity = (m; — m,)/m, X 100% (4)

where mj is the mass of microplastics dropped in the water and m; is
the mass of the microplastics captured by cobalt ferrites in the beaker

C
5:[1—C—‘]x100%

0

(5)

where C, is the concentration of microplastics dropped in the water
and C, is the concentration of the microplastics after being captured
by cobalt ferrites in the beaker.

Recycle Test. The recyclability of cobalt ferrite with functionalized
magnetic properties was evaluated in ten cycles. The recyclability of
cobalt ferrite is evaluated after microplastics are removed and after
water—oil separation, respectively. In the case of water—oil separation,
we conducted a recycling experiment using hexane as an example.
After each step of the microplastic removal experiment and water—oil
separation step, they were washed with ethanol and dried at 80°. The
recovered pellets were then subjected to the next cycle.

B RESULTS AND DISCUSSION

Synthesis of Cobalt Ferrites. The proposed chemical
reaction for preparing cobalt ferrites is as follows:

https://doi.org/10.1021/acs.langmuir.4c02420
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2FeCl;-6H,0 + CoCl,-6H,0 + 8NaOH
— CoFe,0, + 8Na(Cl + 14H,0 (6)

The reaction mechanism of cobalt ferrite particles modified
by lauric acid ethanol solution is also shown in Figure 1. Some
researchers have also introduced similar mechanisms.”' ~** The
carboxyl group of lauric acid absorbs a proton from ethanol,
resulting in OH? leaving the group, which combines with
ethanol to form water, while the remaining long chain part
combines with the cobalt ferrite. Part of the carboxyl group of
lauric acid loses a proton and shares an electron pair with
ethanol after removing a hydroxyl group.

Structure Analysis. The XRD pattern was used to
determine the formation and crystal structure of cobalt ferrites.
As shown in Figure 2a, corresponding to the PDF#22-1086

(a) —
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Figure 2. (a) XRD patterns of superhydrophobic cobalt ferrites. (b)
Model of cobalt ferrites.

card, it is thus clear that the product is a single phase of
CoFe,0,. It can be seen that the XRD diffraction pattern
contains diffraction peaks of (111), (220), (311), (400),
(422), (511), (440), and (533), which is consistent with the
anticubic spinel structure of the space group fd-3m (Figure
2b).* Compared to standard PDF cards, the cobalt ferrites do
not show significant changes in peak positions and relative
intensities, indicating that surface functionalized cobalt ferrites

do not alter the crystal structure of the powders. Taking the
strongest diffraction peak (311) in XRD as the main peak, the
average grain size of CoFe,O, was obtained as 62.5 nm,
calculated according to Scherrer’s formula 1.

The overall stoichiometry and chemical valence of the
elements of the prepared cobalt ferrites were analyzed by HR-
XPS. Peaks of C 1s appeared at binding energies of about
284.67, 285.51, and 288.64 eV, respectively, corresponding to
C—C/C—H, C—O0, and C=0 groups (Figure 3a).** The
C—O and C=O0 groups were attributed to the carboxylate
functional group (—COOR) of lauric acid, indicating the
successful modification of lauric acid on the surface of cobalt
ferrite. In Figure 3b, the binding energy is about 528.07 eV,
and peaks of O 1s appear at 529.14 eV and correspond to C=
O and C—O, respectively.”” Meanwhile, the peak at the
binding energy of about 530.89 eV is attributed to the lattice
oxide Fe—O and Co—O features in CoFe,0,.*** The
presence of Co 2p;;, and its satellite peaks (shakeup) at
binding energies of about 770.43, 778.80, and 783.84 &V,
respectively, in Figure 3c, confirms the presence of the Co*"
state. The presence of Co®* can be confirmed by the intensity
of the Co 2p5, shakeup satellite since the low spin Co*" cation
only gives rise to much weaker satellite features than high spin
Co*" with unpaired valence 3d electron orbitals.”® In Figure
3d, the binding energies of about 708.90 and 711.53 eV
correspond to Fe 2p;/, and its satellite peak, which were used
to determine the oxidation state of Fe as Fe*". The binding
energies of about 722.67 and 717.95 eV correspond to Fe 2p;
and its shock satellite peak (shakeup). By integrating the core
level intensities, the atomic content ratio of Co to Fe elements
can be obtained as 1:2.3 by the standard formula.’!
Furthermore, the HR-XPS measurements agree with the
XRD observations, confirming the formation of a single-
phase cobalt ferrite rather than a mixed phase of CoO and
Fe,0,.

Morphological Observations. The microscopic morphol-
ogy of cobalt ferrite was visualized under FE-SEM. The
microscopic morphology of cobalt ferrites prepared by the
coprecipitation method (Figure 4) can be visualized from the
original FE-SEM images showing irregular mixed spheres with
hierarchical micro- and nanostructures. It includes a micro-
meter size morphology, irregular spherical shape, and slight
agglomeration. These shapes are similar to the results shown
by N. Hosni’>*® et al. Micro- and nanoparticles with
hierarchical structures have been reported as another
promising new strategy for the preparation of functional
materials.”* The hierarchical structure can effectively expand
the diversity of adsorbents and plays an important role in the
adsorption of microplastics and organic solvents (Figure 4a,b),
which can be used for oil—water separation. The average grain
size obtained by FE-SEM graphical measurements was
compared with that calculated by XRD. It was found that
FE-SEM showed a larger grain size, which may be due to the
agglomeration of the nanoparticles. It is attributed to the small
size of the nanoparticles and enormous surface energy. It could
also be due to the magnetic interactions between the
nanoparticles.55 In addition, FE-SEM-EDS elemental mapping
images show that the elements Fe, Co, and O are uniformly
distributed throughout the area. Meanwhile, the EDS semi-
quantitative results (Figure 5) showed the atomic content ratio
of Co:Fe was 1:2.4, which coincided with the analytical results
of HR-XPS and proved the combination of CoFe,O,.
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Figure 3. High-resolution XPS spectra of peaks (a) C 1s, (b) O 1s, (c) Co 2p, and (d) Fe 2p generated from the samples, respectively.

Figure 4. (a—c) FE-SEM of superhydrophobic cobalt ferrites; (d—f)
EDS mapping of cobalt ferrites.

Magnetic Properties. Figure 6 shows the hysteresis loop
of cobalt ferrite modified with lauric acid measured at 300 K

21537

under an external magnetic field of —60000 Oe < H < 60000
Oe. This study’s surface functionalized cobalt ferrite has a
saturation magnetic field strength of 65.52 emu/g, a residual
magnetization (Mr) of 18.79 emu/g, and a coercive force of
799.83 Oe. The coercive force (800 Oe) of cobalt ferrite
prepared by other researchers using the coprecipitation
method is similar.”**” The saturation magnetization of cobalt
ferrite is related to its crystallinity and particle size.”® The
variation of coercive force with particle size can be explained in
terms of crystal domain structure, critical diameter, strain,
magnon crystal anisotropy, and crystal shape anisotropy.” The
hysteresis loop results indicate that surface functionalized
cobalt ferrite has soft magnetic properties. The coercive force
value is small and easy to magnetize and demagnetize, and the
slight magnetic loss is helpful for high-frequency and repeated
use of materials.’” Therefore, this cobalt ferrite can be easily
separated from the aqueous solution by an external magnetic
field to remove microplastics from water quickly, conveniently,
and efficiently.®'

Wetting Properties. Contact Angle (CA) Measurements.
Contact angle is a critical parameter in determining the surface
superhydrophobicity. The WCA of cobalt ferrites was
measured before and after the lauric acid surface modification
process to determine the difference between the wetting states
(Figure 7). The surface contact angle of the powder without
lauric acid modification was 94.8°, exhibiting a hydrophobic
surface. After modification with lauric acid, the contact angle of

https://doi.org/10.1021/acs.langmuir.4c02420
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Figure 5. EDS data of cobalt ferrites.
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Figure 6. Magnetic hysteresis loops of surface functionalized cobalt
ferrite.

the powder increased to 157.3°, exhibiting a superhydrophobic
surface. Based on XPS, the C—H group of lauric acid can
effectively reduce the surface energy of cobalt ferrites.””**%*
Figure 7b and Figure 7d show that surface modification with
lauric acid does not affect the oleophilicity of cobalt ferrites.
The cobalt ferrites still exhibit superoleophilic properties.
Contact angle measurements indicate that the cobalt ferrites
were superhydrophobic and superoleophilic, which would be
helpful in applications such as water—oil separation and
microplastics removal.

One of the challenges facing superhydrophobic surfaces is
the gradual decrease in surface contact angle after a certain
number of separation cycles.”> However, stabilized super-
hydrophobic properties are important for water—oil separation
and hopefully for microplastics removal. It is worth mentioning
that cobalt ferrites modified by lauric acid surface modification
have stable superhydrophobic properties. The surface remains
superhydrophobic even after six months or more of exposure
to air. As shown in Figure 8, we can explain the water-repellent
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Figure 7. (a) WCA of powder before modification; (b) OCA of
powder before modification; (c) WCA of powder after modification;
(d) OCA of powder after modification.

air

Figure 8. Cassie—Baxter state.
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Figure 9. (a) Surface contact angle tested under different pH solutions. (b) Results of surface contact angle under different pH solutions. Error bars
represent standard deviations, and statistical significance was assessed using one-way ANOVA (p < 0.05). The 95% confidence intervals are shown

to illustrate the precision of the measurements.

properties of cobalt ferrites with the help of the Cassie—Baxter

state eq 7,645

For the combination of irregular spherical,
nanolayered cobalt ferrite and surface lauric acid long-chain
modification, when the cobalt ferrite comes in contact with
water droplets, these droplets are in a solid—liquid—air
nonwetting composite state in which the layered structure

located in the cobalt ferrite traps tiny air pockets®®

cos O = f (cos ) + 1) — 1 )

where f;, is the fraction of the projected area of the solid
surface under the drop that is wet by the liquid.””*® £, of
lauric-acid-modified cobalt ferrite was calculated to be 0.085,
indicating that about 92% of the area was trapped with air.
Durability Test. Further, different pH solutions were
prepared with HCl or NaOH to evaluate the wettability
behavior of cobalt ferrites under different pH conditions.
Figure 9 shows the effect of water droplets of different pH on
the wettability of superhydrophobic cobalt ferrite powder.
Overall, the surface contact angles of cobalt ferrites measured
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at water droplets of different pH are greater than 150° and
have acceptable surface stability. The surface contact angle of
cobalt ferrites tends to increase in the pH range of 1-3. The
highest value is reached at pH equal to S, which is 158.5°. In
the pH range of 7—13, the surface contact angle decreased
slightly, and was measured to be 152.8° at a pH of 13 in an
aqueous solution. The SA value of cobalt ferrite tested in
different pH solutions did not fluctuate significantly and was
between 0 and 1°. The test results show that cobalt ferrites are
superhydrophobic and well-tolerant to acidic and alkaline
environments. This is mainly due to the synergistic effect of the
microscopic layered structure of cobalt ferrite and the
hydrophobic end of the surface modification. Therefore,
when the liquid medium is in contact with cobalt ferrite, the
microscopic rough surface can trap air to form an air cushion,
which, together with the lauric acid modification to reduce its
surface energy, greatly reduces the contact between cobalt
ferrite and the liquid medium.

Oil/Water Separation. The surface functionalized cobalt
ferrites were known to have selective wettability (super-
oleophilic and superhydrophobic) by a surface contact angle
test. To investigate the application potential and separation
efficiency of the prepared cobalt ferrite for water—oil
separation, four different organic solvents (as oils) were used
for water—oil separation tests. They are hexane, petroleum
ether, xylene, and olive oil. The separation process is shown in
Figure 10, where 20 uL of oil red coloring droplets was first put

water

Figure 10. Process diagram of water—oil separation using cobalt
ferrites: (a) dropping oil dyed with oil red into water, (b) adding
cobalt ferrite, (c, d) the process of cobalt ferrite adsorbing oil, (e)
using permanent magnets to adsorb cobalt ferrite, (f) water after
removing the cobalt ferrite that adsorbs oil, (g—i) after cobalt ferrite
adsorbs oil, oil marbles are formed in water.

into water. Then, a small amount (10—32 mg) of cobalt ferrite
powder was added. The cobalt ferrite powders and the water—
oil mixture were allowed to stand for 10 min. During this time,
the area of the oil on the water surface was gradually decreased
as the oil coalesced with the cobalt ferrite powder, until the red
color on the water’s surface completely disappeared.
Interestingly, after capturing many oil droplets, we observed

that the cobalt ferrite forms spheres under water, termed “oil
marbles”,®”~7% which settle to the bottom of the glass bottle.
Oil marbles are produced by cobalt ferrites, encapsulating oil
particles. Finally, the cobalt ferrites were recovered by using a
magnet. The cobalt ferrites were weighed and calculated.
According to eqs 2 and 3, the separation efficiency and
adsorption capacity of cobalt ferrite powder for oil—water

separation can be calculated, as presented in Table 1. As far as

Table 1. Separation of Different Water—Oil Mixtures
Performed by Cobalt Ferrite

1-hexane 2-petroleum ether 3-xileno 4-olive oil
Q (g/g) 0.59 0.47 0.81 1.45
1 (%) 99.6% 99.2% 96.0% 94.2%

the separation eficiency is concerned, the efficiency of the
powder in separating the four water—oil mixtures is higher
than 94.2%. Among them, the separation of hexane and water
mixtures was more excellent, with a separation efficiency of
99.6%. In terms of adsorption capacity, cobalt ferrite powder
has excellent adsorption capacity for olive oil, which is 1.45 g/
g. In addition, the accumulation of superhydrophobic particles
in an aqueous solution significantly reduces the adsorption
capacity, which is one of the main challenges in oil/water
separation.”” Further, we take hexane as an example to study
the separation efficiency of hexane for 10 times microplastic
removal. The test results are listed in Figure 11. The efliciency
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Figure 11. Separation efficiency of cobalt ferrites during the oil/water
separation cycle.

of the 10 times test results was stable and kept above 93%.
From the separation results, it can be judged that the powder
has the ability to separate light oil, heavy oil, and water
mixtures.

Cobalt ferrites offer significant advantages in performance,
efficiency, and cost compared to traditional filtration methods.
While filtration technology can achieve high oil—water
separation efficiency,”” membrane-based methods are prone
to scaling and clogging, leading to frequent replacements and
increased costs.”*~’° In contrast, magnetic and superhydro-
phobic cobalt ferrites effectively absorb oil and microplastics
without clogging. They maintain high separation efficiency
over long periods and are reusable, reducing long-term costs.
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Figure 12. Overview of microplastic removal studies: (a) microplastic removal experimental process; (b) removal efficiency of microplastics by
cobalt ferrites; (c) surface contact angle measurement results during the microplastic removal cycle. Error bars represent standard deviations, and
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measurements.

Thus, cobalt ferrites are a promising alternative for complex
oil—water separation tasks.

Microplastic Removal. As shown in Figure 12, we
conducted experiments to remove different microplastic
concentrations using cobalt ferrites with the help of permanent
magnets. After each microplastic removal, the cobalt ferrites
were washed with ethanol, dried in a fume hood, and recycled.
The microplastic removal efficiency in each experiment was
calculated, and the surface contact angle of the recycled cobalt
ferrites was tested. As can be seen from the flowchart of the
microplastic removal experiments (Figure 12a), after adding
cobalt ferrites, microplastics formed flocs with cobalt ferrites.”
Then, the permanent magnet attracted the cobalt ferrites, and
the microplastics approached the permanent magnet, together
with the cobalt ferrites. The surface functionalization of lauric
acid resulted in stable superhydrophobic properties on the
surface of the cobalt ferrites. The cobalt ferrites modified by
surface functionalization of lauric acid are subjected to spatial
interference caused by long chain structures attached to the
surface of cobalt ferrites at the moment of contact with
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water.”” The removal ability of cobalt ferrites at different
concentrations of microplastics was tested. It can be seen from
Figure 12b that the use of 0.01 g of cobalt ferrites efficiently
adsorbs microplastics at concentrations ranging from 0.1 to 0.9
mmol/mL. The removal efficiency was up to 100%. Calculate
the capture capacity and removal efficiency of the cobalt
ferrites on microplastics according to eqs 4 and S. The results
are shown in Table 2. The removal efficiency was close to
100% at different microplastic concentrations. The ability of
cobalt ferrites to capture microplastics increases with an
increase in microplastic concentration. When there is 0.9
mmol/mL of microplastics in the aqueous solution and 0.01 g

Table 2. Removal of Different Microplastic Concentrations
by Cobalt Ferrite

MPs (mmol/mL) 0.1 0.3 0.5 0.7 0.9
Capture capacity (g/g) 131 1.44 1.54 2.36 2.56
& (%) 99%  99%  99%  99%  99%
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Figure 13. Mechanism of microplastics removal by cobalt ferrites: (a) microplastics only; (b) addition of cobalt ferrite to capture microplastics; (c)

cobalt ferrite capturing microplastics.

of cobalt ferrite is put into the solution, the capture capacity of
microplastics is 2.56 g/g.

The recycling of the pellets was carried out according to the
methodology mentioned in the Experimental Section. In this
regard, the contact angle of the particles was measured in
different cycles, and in addition, the average microplastic
removal efficiency in 10 microplastic cycling experiments was
up to 98% as shown in Figure 12b. Even after 10 cycles of
microplastic removal (Figure 12c), the surface contact angle of
cobalt ferrites was still greater than 150°, presenting stable and
excellent superhydrophobic properties. After the first five
microplastic removal cycles, the surface roll angle of cobalt
ferrite did not change significantly and was close to 0°. It was
not until the sixth microplastic removal that the roll angle of
cobalt ferrite increased to about 2.6°. After ten microplastic
removal cycles, the surface roll angle of cobalt ferrite increased
to about 7°. Although there was a small mass loss of cobalt
ferrites after each recycling cycle, it was within acceptable
limits. Due to the stability and superhydrophobicity of the
modified particles at different pH values, there was no
significant difference in the adsorption capacity of the particles
in different cycles. Multiple recycling cycles did not affect the
performance of the cobalt ferrite-captured microplastics. This
is attributed to the functionalization of cobalt ferrite with lauric
acid, which enables excellent and stable superhydrophobicity
on its surface.” It is essential to mention that going through
multiple cycles of the recycling process does not affect the
microplastic removal performance or superhydrophobic
properties of cobalt ferrites in any way. The stability of cobalt
ferrite modified by lauric acid functionalization may be related
to the formation of hydrogen bonds between lauric acid and
cobalt ferrite. This is attributed to the unique nanoflower-like
layered structure of cobalt ferrite coupled with spatial
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interference induced by the long chains of functionalized
modified lauric acid.

The above microplastic removal experimental results
indicate that the functionalized cobalt ferrites have excellent
microplastic removal efficiency, tenacious superhydrophobic
properties, and recyclability. The recyclability property will
increase the number of environmental applications of cobalt
ferrites.

Mechanism of Microplastic Removal. Fundamentally,
the interaction between cobalt ferrites and microplastics
floating on the water surface is caused by the wetting behavior
at the mterface between the solid phase, liquid phase, and gas
phase.”® Rius-Ayra et al. used the DLVO theory to explain the
mechanism of microplastic removal in water—oil systems and
found that van der Waals forces play a key role in microplastic
removal.*>”? Gu et al.** used the DLVO theory to explore the
adsorption phenomenon between Thiobacillus ferrooxidans and
chalcopyrite. In our case, cobalt ferrite can be used in the water
phase to directly remove microplastics. Microplastics and
cobalt ferrite are hydrophobic substances, and the hydrophobic
effect of water on both cannot be ignored. Therefore, in
addition to considering van der Waals forces and double layer
interactions, hydrophobic effects are also an important
influencing factor. We use the extended DLVO theory to
explain the mechanism of the interaction between cobalt ferrite
and microplastics. The total interaction potential energy Vi
between the two is equal to the sum of van der Waals forces-
attraction Vi, double layer 1nteract10n energy—repulsmn Vg,
and hydrophobic effects-attraction V;.*'

Ve=Vig + Vg + Vy (8)

The van der Waals force between cobalt ferrite and
microplastics is always mutually attractive.”* When the distance
between particles is minimal, it promotes particle aggregation.
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According to research reports, the pH corresponding to the
zero-zeta potential of cobalt ferrites is about 6.5.°%%>*° The pH
of tap water used in microplastic removal testing is about 7.84
+ 0.08. Both nano- and microsized plastics carry negative
charges.””®” According to the principle of electrostatic
interaction, there is an electrostatic repulsion between two
substances with the same charge. Interestingly, cobalt ferrite
with negative charges on the surface can attract and capture
microplastics that also carry negative charges. In the Contact
Angle (CA) Measurements section, we tested the surface
contact angle of cobalt ferrite in aqueous solutions of different
pH values and found that the superhydrophobic properties of
cobalt ferrite are adapted to aqueous solutions of different acid
and base types. Hydrophobic interactions can also be
understood as the minimization of the interfacial energy of
the water system. In general, hydrophobic interactions can be
explained by the tendency of nonpolar molecular surfaces to
aggregate in aqueous solutions (or to be expelled from water
into aggregates). Water plays an important role in the
hydrophobic interaction due to discrete nanoscale surface
heterogeneity and hydrophobic/solvation effects (hydrophobic
forces), which arise from the structural competition between
hydrogen bonds in bulk water and hydrogen bonds in
interfacial water.”® The interfacial tension between water and
nonpolar materials is typically around 51 mJ/m?
Microplastics can be considered as electrostatically stable
and highly dispersed colloids.*””* The water surface is usually
charged by ionization or dissociation of surface groups. The H*
released from water and the negative charge on the surface of
microplastics form a stable double layer. For bare micro-
plastics, the van der Waals attraction and hydrophobic force
are greater than the electrostatic repulsion, resulting in a net
interparticle attraction and negative interaction energy. When
only microplastics exist on the water surface (Figure 13a), the
microplastics are in a stable state at the water—air—solute
interface under the synergistic effect of hydrophobic
interaction and electrostatic repulsion between microplastics.”*
When magnetic cobalt ferrite is added (Figure 13b), the
surface area of hydrophobic solutes in water increases, the
water—solute interface tends to be stable, the hydrogen bonds
in water are broken, and exclusivity appears in order to
minimize the interface energy. Microplastics will swim toward
cobalt ferrite. This is because the second layer of hydrated
positive ions free on the surface of microplastics is not stable.
Attracted by the negatively charged cobalt ferrite, the hydrated
positive ions approach it to form a double electric layer
structure. In this process, the double electric layer structure
composed of some microplastics and hydrated positive ions is
destroyed. Cobalt ferrite has a large specific surface area due to
its nanoscale size. Therefore, compared with microplastics, the
number of hydrated positive ions bound to the surface of
cobalt ferrite is greater. Therefore, under the attraction of
hydrated positive ions, microplastics approach cobalt ferrite to
share hydrated positive ions and achieve a stable double
electric layer structure. At this time, there is no simple
electrostatic repulsion between microplastics and cobalt ferrite,
but also electrostatic attraction due to shared hydrated positive
ions. The interaction energy barrier between microplastics and
cobalt ferrite is obviously attributed to electrostatic repulsion.
The van der Waals force and hydrophobic attraction between
microplastics and cobalt ferrite overcome the electrostatic
repulsion, resulting in a net attraction and interaction energy
(Figure 13c). As the concentration of hydrophobic substances

(cobalt ferrite or microplastics) in water increases, the
hydrophobic effect becomes dominant, driving the microplastic
particles closer to the cobalt ferrite powder. As the two
continue to move closer and the distance between them
shrinks to 0.157 nm (critical distance),”” the van der Waals
force gradually plays a key role, causing the microplastics to be
closely adsorbed on the cobalt ferrite.

Therefore, the mechanism of microplastic capture can be
explained as follows: cobalt ferrite, under the synergistic effect
of van der Waals force and hydrophobic interaction, overcomes
the barrier of electrostatic repulsion and captures microplastics
floating in the water. The interfacial adsorption of micro-
plastics and cobalt ferrites can reduce their contact area with
water, decreasing the interfacial binding energy. Due to the
long carbon chain modification and nanometer size on the
surface, cobalt ferrites show excellent adsorption capacity for
microplastics.”” Furthermore, under the attraction of a
permanent magnet, the collection of microplastics and
recovery of cobalt ferrite can be easily achieved.

B CONCLUSIONS

Environmental pollution caused by microplastics and its effects
on human health have become a global concern. Recyclable
superhydrophobic magnetic particles with micro- and nano-
structures have been recognized as safe, practical, and easy-to-
use potential tools for microplastic removal from the
environment. We fabricated superhydrophobic CoFe,0,
particles using a facile coprecipitation method with lauric
acid surface modification. Surface functionalized cobalt ferrite
presented irregular mixed spheres with layered micro-
nanostructures. XRD showed that the average diameter of
cobalt ferrites was 62.5 nm. The saturation magnetic field
strength of cobalt ferrites was 65.52 emu/g with low coercivity
and soft magnetism. Cobalt ferrite exhibited superhydrophobic
properties under different pH solution tests, revealing WCA =
157.3° and OCA = 0° for effective microplastic removal and
oil—water separation. The superhydrophobic properties were
also maintained after exposure to different pH solutions; WCA
remained higher than 150° and SA values of cobalt ferrite were
still between 0 and 1°. We also examined the suitability of
superhydrophobic cobalt ferrites for separating various oils,
including hexane, petroleum ether, xylene, and olive oil, from
the oil—water mixtures. The oil—water separation experiments
demonstrated the cobalt ferrites” high separation efficiency and
adsorption capacity: the separation efficiency of four oil/water
mixtures was more than 94.2%. After 10 times oil(hexane)/
water, the separation efficiency remained more than 93%. In
addition, the cobalt ferrites maintained excellent stability in
successive microplastic removal cycles. After ten cycles of
plastic removal, the separation efficiency reached 99%. The
absorption capacity reached 2.56 g/g. We proposed a possible
mechanism for microplastic removal by cobalt ferrites based on
EDLVO and interfacial energy minimization theory. Herein,
we show that superhydrophobic CoFe,O, particles are a
promising environmental approach to remove oils and
microplastics from water.
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