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Superhydrophobic granular filter media modified
with mesoporous nanoparticles for magnetically
guided oil cleanup
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The frequent occurrence of marine oil spills and the discharge of oily industrial wastewater have resulted in
severe environmental pollution and ecological crises. Conventional oil-water separation methods often
struggle to balance high separation efficiency with material recyclability when dealing with large-scale oil

contamination. Consequently, the development of efficient, recyclable, and economically viable oil-water

separation materials has become an urgent challenge. In this study, a superhydrophobic/oleophilic
composite ceramic particle filter medium (OFMSPsC) was synthesized using the chemical grafting method,
incorporating mesoporous silica and magnetic FesO, nanoparticles. The material surface was further
modified with octadecyltrimethoxysilane (OTMS), significantly enhancing its hydrophobicity and stability.

Characterization results revealed that OFMSPsC exhibits excellent superhydrophobic properties, with

a contact angle of 156.6°, and favorable magnetic responsiveness, with a saturation magnetization of 1.173

emu gL, Additionally, the material demonstrated outstanding resistance to acidic and alkaline conditions,
ultrasonic treatment, and mechanical abrasion. In oil-water separation experiments, OFMSPsC achieved
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over 93% separation efficiency and maintained stable performance after multiple reuse cycles. Furthermore,

the embedded magnetic nanoparticles facilitated rapid recovery of the material using an external magnetic
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rsc.li/materials-a

1. Introduction

In recent decades, marine oil spills and the discharge of oily
industrial wastewater have become increasingly frequent,
giving rise to severe environmental pollution and ecological
crises."” Petroleum-based pollutants not only disrupt aquatic
habitats and intensify eutrophication but can also bio-
accumulate along the food chain, ultimately posing threats to
human health.>* Conventional oil-water separation methods,
such as gravity settling, flotation, and membrane filtration,
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field, greatly enhancing its reusability and operational convenience. Overall, the fabricated OFMSPsC
material shows great potential for applications in environmental remediation and industrial oil spill cleanup.

often struggle to maintain both high separation efficiency and
satisfactory material recovery in the face of highly viscous,
multi-component, or large-scale oil contamination.>® Conse-
quently, there is an urgent need for the development of
advanced separation materials and technologies to fundamen-
tally improve treatment efficacy and reduce secondary
pollution.

Inspired by the special wettability observed on biological
surfaces in nature, researchers have devised various super-
wetting materials for separating oil-water mixtures.”” For
instance, lotus leaves and rose petals exhibit exceptional
superhydrophobic/superoleophilic properties attributable to
their hierarchical micro/nanostructures and low surface energy.
In recent years, significant progress has been made in the
research of superhydrophobic materials for oil-water separa-
tion, which has become a key technology for addressing marine
oil spills and industrial oily wastewater pollution. Super-
hydrophobic materials, characterized by a water contact angle
greater than 150°, leverage their unique surface properties to
preferentially adsorb the oil phase in oil-water mixtures,
thereby achieving highly efficient separation. These materials
not only effectively handle high-viscosity, multicomponent, or
large-scale oil contamination but also offer advantages such as
reusability and environmental friendliness, making them

This journal is © The Royal Society of Chemistry 2025
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highly promising for applications in environmental protection
and industrial wastewater treatment. The importance of
superhydrophobic materials in oil-water separation applica-
tions is undeniable. They significantly enhance separation
efficiency, reduce secondary pollution, and lower treatment
costs. With the continuous advancement of nanotechnology
and materials science, researchers have developed various types
of superhydrophobic materials, including zero-dimensional
nanoparticles,” one-dimensional fibrous structures,"” two-
dimensional separation membranes,'> and three-dimensional
absorbent media.”* Through self-assembly, Yuan et al™
created a free-standing nanowire membrane that exhibits
a superhydrophobic water contact angle of 172° and can selec-
tively absorb oil up to 20 times its own weight, while also
demonstrating excellent recyclability. Zhang et al.*® synthesized
a quartz sand with superhydrophobic and superoleophilic
properties through a two-step modification process, resulting in
a water contact angle of 165° and an oil-water separation effi-
ciency greater than 85% after several cycles. Using a simple two-
step immersion method, Xiao et al.'® produced a melamine
sponge characterized by superhydrophobic and superlipophilic
properties. The modified sponge presented a static water
contact angle of 156° and enabled rapid, efficient separation of
chloroform and water, with nearly complete removal of the
chloroform phase within seconds. Moreover, it maintained
robust hydrophobicity under acidic, alkaline, and organic
solvent conditions. Despite the remarkable achievements of
superhydrophobic materials in oil-water separation, several
challenges and limitations remain. One major concern is the
insufficient stability, reusability, and recyclability of many
superhydrophobic materials, particularly when dealing with
complex or large-scale oil contamination scenarios. Further-
more, the high fabrication costs of these materials hinder their
widespread practical application. Additionally, the long-term
performance of certain superhydrophobic materials remains
inadequate under harsh environmental conditions, such as
exposure to strong acidic or alkaline media and elevated
temperatures, necessitating further optimization. To address
these limitations, the integration of magnetic nanoparticles
into superhydrophobic/superoleophilic materials has emerged
as a research hotspot, as the external magnetic field can be
leveraged to enable rapid recovery and regeneration following
separation operations, thereby mitigating secondary pollution
and reducing overall costs."”** Combining bioinspired design
and functional modification strategies further refines the
surface architecture and wetting behavior of filter media,
particularly opening up new opportunities for the advancement
of effective and reusable granular particle-based substrates.
Among the available substrate materials, dispersed ceramic
particles have attracted attention owing to their remarkable
chemical stability and mechanical strength.” Compared with
membranes or fibrous supports, these particle-based systems
exhibit improved flexibility for large-scale deployment in
complex aqueous environments; furthermore, their porous
framework provides ample surface area and robust anchoring
sites for subsequent functional coatings.>* Meanwhile, meso-
porous materials demonstrate notably high surface area,
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tunable pore channels, and excellent chemical stability, making
them highly advantageous for applications in oil-water sepa-
ration—particularly under superhydrophobic conditions.**
These materials offer plentiful adsorption and storage sites for
the oil phase and can be further functionalized to tailor their
wettability.”* Nonetheless, challenges remain in recovering and
reusing mesoporous particles after separation if they rely solely
on inherent superhydrophobic or superoleophilic features.
Embedding magnetic nanoparticles (e.g., Fe;0,) within such
mesoporous frameworks enables the use of external magnetic
fields for swift collection, substantially reducing the risk of
secondary contamination.

On this basis, the present study systematically prepared
magnetic mesoporous silica submicron particles (FMSPs) and
effectively combined them with porous ceramic particles via an
OTMS-mediated grafting strategy to construct a novel,
dispersed oil-water separation material endowed with
superhydrophobic/superoleophilic properties and magnetic
recyclability. Optimization efforts focused on determining the
ideal ratio of Fe;O, nanoparticles to the mesoporous silica
scaffold, improving FMSP loading efficiency onto the ceramic
substrate, and adjusting OTMS concentrations. Comprehensive
characterization, including chemical composition, microscopic
morphology, and surface roughness, was conducted to assess
the resulting composite. Experimental outcomes demonstrate
that, under an external magnetic field, the material achieves
rapid, high-efficiency oil-water separation while maintaining
excellent recyclability and structural integrity, thus offering
a promising approach for large-scale and frequent oil pollution
remediation.

2. Materials and methods

2.1. Materials

Iron(m) oxide (Fe;0,) nanoparticles with sizes of 20 nm and
50 nm, octadecyltrimethoxysilane (OTMS) were delivered by
Shanghai Macklin Biochemical Technology Co., Ltd. Cetyl-
trimethylammonium bromide (CTAB), chloroform, toluene and
n-hexane were obtained from Chongqing Chuandong Chemical
Co., Ltd, while tetraethyl orthosilicate (TEOS) was provided by
Yousuo Chemical Technology Co., Ltd (Shandong). Porous
ceramic particles with a size range of 0.5-1 mm were obtained
from local manufacturers. Analytical grade aqueous ammonia
solution (NH;-H,0), ethanol (C,HsO) and HCl were bought
from Chengdu Chron Chemical Co., Ltd. Cyclohexane was
bought from Xilong Scientific Co., Ltd, and petroleum ether was
procured from Guangzhou Jinyuan Chemical Co., Ltd. Edible
oil was sourced from local suppliers. All chemicals were utilized
in their received form without any additional purification.

2.2. Fabrication of magnetic mesoporous silica submicron
particles

Using CTAB as template, TEOS as precursor, and NH;-H,O as
catalyst, magnetic mesoporous silica submicron particles were
fabricated via the sol-gel strategy. Initially, 0.8 g of 20 nm Fe;0,
particles and 3.2 g of 50 nm Fe;0O, particles were dispersed in
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a solution comprising 90 mL of ethanol and 150 mL of deion-
ized water. The resulting mixture was subjected to ultrasonic
treatment for 10 min to achieve a uniform dispersion. After-
wards, 4 g of CTAB and 25 mL of TEOS were incorporated and
mixed thoroughly. Immediately afterwards, 25 mL of NH;-H,O
was added dropwise to catalyze the hydrolysis process.
Following 3 h of stirring at 25 °C, the resultant product was
subjected to filtration. The collected material was then dried at
105 °C and subsequently milled into a fine powder. The powder
was calcined in a muffle furnace at 200 °C for 6 h, followed by
a second stage at 600 °C for another 6 h. The final product was
ground again to obtain Fe;O,/mesoporous SiO, particles
(FMSPs). Additionally, for comparison, pure mesoporous silica
particles (MSPs) without the incorporation of Fe;O, were also
prepared.

2.3. Preparation of superhydrophobic ceramic particles

The porous ceramic particles used as the filter media were pre-
treated to remove surface impurities. Ceramic particles were
first ultrasonically cleaned in ethanol for 5 min, followed by
another ultrasonic cleaning in distilled water for 5 minutes. The
cleaned particles were then dried in an oven at 100 °C for 2 h. To
further remove surface oxides, the dried particles were
immersed in 1 mol per L hydrochloric acid solution (ceramic to
hydrochloric acid mass ratio of 1: 2) for 30 min. Following acid
treatment, the particles were thoroughly rinsed with deionized
water until the pH of the wash water reached 7. Finally, the
particles were dried again at 100 °C for 2 h to obtain clean, pre-
treated porous ceramic particles.

A total of 0.5 g of FMSPs particles was dispersed in 25 mL of
anhydrous ethanol and stirred at 35 °C for 30 min, followed by
ultrasonic treatment for another 30 min. Subsequently, 0.74 mL
of OTMS was added, and the suspension was stirred for 2 h.
Following this, 5 g of porous ceramic particles was added to the
mixture, which was then stirred for another 2 hours. The
resulting mixture was placed in an oil bath maintained at 110 °C
to ensure uniform heating and stirred until the ethanol was
completely evaporated. The product was subsequently dried at
100 °C, and unbonded powder was removed using a 0.3 mm
stainless steel Ultimately, the superhydrophobic/
superoleophilic functional porous OTMS-modified FMSPs
composite ceramic material (OFMSPsC) were successfully ob-
tained. The fabrication process and synthetic route are illus-
trated in Fig. 1. Fig. 1b demonstrates that both the ceramic
particles and FMSPs particles expose hydroxyl (-OH) groups on
their surfaces. The hydrolyzed OTMS undergoes condensation
reactions with these -OH groups on both components, forming
stable Si-O-Si/ceramic bonds. This chemically immobilizes the
FMSPs particles onto the ceramic substrate, permanently
anchoring them while exposing hydrophobic alkyl chains. The
ceramic composite prepared without OTMS modification was
designated as FMSPsC-3. The optimal ratio of Fe;O, nano-
particles, the optimal loading amount of FMSPs, and the
optimal OTMS concentration were systematically investigated
and optimized. The samples obtained were designated as
OFMSPsC-1, OFMSPsC-2, and OFMSPsC-3, respectively.

sieve.
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2.4. Characterization

Transmission electron microscopy (TEM) images were captured
using a JEOL JEM 2100F instrument. Scanning electron
microscopy (SEM) imaging and Energy Dispersive X-ray Spec-
troscopy (EDX) were conducted with a ZEISS GeminiSEM 300
system. X-ray powder diffraction (XRD) patterns were collected
using a Bruker D8 advance X-ray diffractometer. To evaluate
wettability, contact angles were measured at ambient temper-
ature with 2.5 pL liquid droplets on an SDC-350 instrument, and
the results were averaged across five distinct sample regions.
The surface topography of the samples was analyzed using
confocal laser scanning microscopy (CLSM) on a KEYENCE VK-
X150 platform. The chemical composition of the particles was
characterized through X-ray photoelectron spectroscopy (XPS)
on a Thermo Scientific K-Alpha spectrometer, in conjunction
with thermal gravimetric analysis (TGA) performed using an
STA 449F3 apparatus.

2.5. Oil-water separation test

The oil-water separation experiment, driven by gravity, utilized
a filtration system consisting of a vacuum filtration flask and
a glass funnel, as illustrated in Fig. 6a. The experimental
mixture comprised 50 mL of organic liquids (such as n-hexane,
cyclohexane, petroleum ether, toluene, and edible oil) colored
with Sudan III, along with 50 mL of water stained with methy-
lene blue. OFMSPsC-3 served as the filtering medium and was
positioned inside a funnel. The oi-water mixture was then
gradually introduced into the separation apparatus, with the
separation process driven entirely by gravity. The magnetic
recovery process consisted of: (1) ultrasonic cleaning in ethanol
(5 min) to dissolve residual oil, (2) magnetic separation for
material recovery (0.8 T), and (3) vacuum drying at 60 °C (2 h) to
restore the material’s porous structure. This procedure effec-
tively maintained the separation performance while ensuring
high recovery efficiency. The separation efficiency was deter-
mined by collecting the permeated oil and measuring its
volume using the following formulas:****

Flux = % (1)
_— % « 100% )

in this context, V represents the volume of the organic liquid
(m?), S indicates the effective contact area between the organic
liquid and OFMSPs-3 (m?), ¢ denotes the filtration duration of
the organic liquid (A1), while V; and V,, correspond to the mass of
water in the mixture after and before filtration, respectively. The
experiments were performed three times, and the average
values are reported.

The adsorption capacity of OFMSPsC-3 for typical oils was
also experimentally measured. A dried OFMSPsC-3 sample
(mass = m,) was immersed in various oil types (e.g., n-hexane,
cyclohexane, edible oil) for 5 minutes. After draining excess oil,
the sample was reweighed (), and the oil adsorption capacity
(Q) was calculated using the formula:

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 (a) Schematic illustration of the fabrication process and (b) synthetic route for OFMSPsC.

Q= —— (3)

3. Results and discussion
3.1. Chemical features and morphologies

To validate the chemical bonds and compositional modifica-
tions achieved during the synthesis process, XRD, FTIR, EDS,
and XPS characterization techniques were employed, as shown

This journal is © The Royal Society of Chemistry 2025

in Fig. 2. Fig. 2a exhibits the XRD patterns of FMSPs and MSPs.
Both MSPs and FMSPs exhibit a broad peak at around 26 ~23°,
corresponding to the amorphous silica structure.” In the case
of FMSPs, the peaks at 20 = 30.6°, 36.1°, 43.9°, 54.3°, 57.7°, and
63.5° are attributed to the (220), (311), (400), (422), (511), and
(440) crystal planes of Fe;0,, respectively, indicating that Fe;O,4
is loaded on the mesoporous silica.>* As shown in Fig. 2b, MSPs
exhibit characteristic absorption peaks of silica, including the -
OH stretching vibration observed at 3431 cm ™', along with the
asymmetric and symmetric Si-O-Si stretching vibrations at
1077 cm™ " and 791 ecm ™", respectively.?*® Upon incorporation

J. Mater. Chem. A, 2025, 13, 23046-23058 | 23049
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Fig.2 (a) XRD patterns of MSPs and FMSPs. (b) FTIR spectra of MSPs, FMSPs, FMSPsC and OFMSPsC. EDS spectra and mapping of (c) FMSPsC and

(d) OFMSPsC. (e) XPS spectra of FMSPsC-3, OFMSPsC-1, OFMSPsC-2, and OFMSPsC-3. The high-resolution XPS spectra of (f) Fe 2p, (g) Si 2p, (h)

C 1s, and (i) O 1s.

of Fe;0,, no new absorption peaks were detected, likely due to
overlap with the silica framework signals, as suggested by XRD,
EDS, and XPS analyses. In the case of the OTMS-modified
OFMSPsC-3, the appearance of new absorption peaks at
2920 cm ™%, 2849 cm ™Y, and 1463 cm ™!, which are attributed to
the asymmetric, symmetric, and bending C-H stretching
vibrations of OTMS alkyl groups, serves as direct evidence of
successful OTMS grafting.>*® As depicted in Fig. 2c and d, the
elemental composition of FMSPsC-3 and OFMSPsC-3 was
investigated using EDS analysis. By comparison, the increase in
C content in OFMSPsC-3 (35.28 wt%) provides further evidence

23050 | J Mater. Chem. A, 2025, 13, 23046-23058

of the successful grafting of OTMS onto the surface. Further-
more, the increases in Fe (10.01 wt%) and Si contents
(25.45 wt%), along with the decrease in Al content (2.18 wt%),
demonstrate that OTMS served as a chemical bridge. This
bridging facilitated the enhanced binding of FMSPs submicron
particles to the ceramic substrate, leading to more uniform
coverage and multiscale integration.

Fig. 2e presents the XPS spectra of FMSPsC-3 and OTMS-
modified OFMSPsC-1, OFMSPsC-2, and OFMSPsC-3. In the
spectrum of FMSPsC-3, the elements Si (Si2p, 102.8 eV), C (C 1s,
284.3 eV), O (O 1s, 532.1 eV), and Fe (Fe 2p, 710.4 eV) were

This journal is © The Royal Society of Chemistry 2025
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observed. After OTMS modification, the C 1s peak intensity of
OFMSPsC-1, OFMSPsC-2, and OFMSPsC-3 showed a significant
increase, demonstrating that the modification led to a rise in
carbon content, which is consistent with the chemical structure
of OTMS. Fig. 2f presents the high-resolution XPS spectrum of
Fe 2p, revealing two distinct signals at 710.6 eV and 725.4 eV,
which are associated with the characteristic double peaks of Fe
2ps/, and Fe 2py), in Fe;0,.*"** In the Si 2p spectra (Fig. 2g),
FMSPsC-3 exhibits a single peak at 102.8 eV, which corresponds
to Si-O—-(Si/Fe) bonds.**** This peak is attributed to the silica
framework, interactions between silica and Fe;O, nano-
particles, and interactions between FMSPs and the ceramic
substrate. In contrast, a new peak emerges at 101.6 eV in the
OFMSPsC-1, OFMSPsC-2, and OFMSPsC-3 spectra, which
corresponds to the Si-C groups of OTMS.* In the high-
resolution C 1s spectra of OFMSPsC-1, OFMSPsC-2, and
OFMSPsC-3 (Fig. 2h), peaks at 283.7 eV and 284.2 eV are
observed, which correspond to C-Si and C-C groups, respec-
tively.*® These results further confirm that OTMS was success-
fully grafted onto the surface, introducing abundant
hydrophobic groups that contribute to the superhydrophobic
properties of the ceramic particles. Additionally, as shown in
Fig. 2i, the O 1s spectra were resolved into two peaks at 532.1 eV
and 531.5 eV, corresponding to Si-O in the silica framework and
Fe-O in Fe;0,4 respectively.’”*® Collectively, these results
demonstrate that OTMS modification not only introduced
hydrophobic functional groups but also enhanced the chemical
bonding and interactions between FMSPs and the ceramic
substrate, ensuring improved structural stability and functional
integration.

(b)

(C)FMSPsC-3

View Article Online
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To investigate the surface morphology of FMSPs and struc-
tural evolution during different modification stages, SEM, TEM,
and CLSM analyses were conducted. Fig. 3a-f show the SEM
images of MSPs, FMSPs, FMSPsC-3, OFMSPsC-1, OFMSPsC-2,
and OFMSPsC-3. As shown in Fig. 3a, MSPs exhibit a smooth
and uniform spherical morphology. The TEM image (Fig. 3g)
further reveals their hollow spherical mesoporous submicron
structure. Particle size distribution analysis (Fig. 3i) reveals that
the unmodified MSPs exhibit a narrow size distribution with an
average diameter of 0.65 + 0.21 pm, confirming their high
uniformity. This homogeneity is critical for ensuring consistent
mesoporous structure and surface functionality. After loading
Fe;0, nanoparticles (Fig. 3b), the nanoparticles are anchored
onto the MSPs surfaces, reducing the average particle diameter
to 0.53 + 0.15 um (Fig. 3j). The tighter distribution further
validates the stability of the functionalization process. TEM
characterization (Fig. 3h) confirms that Fe;O, nanoparticles are
uniformly distributed on the MSPs surfaces while preserving
the silica hollow structure. During the grafting process onto the
ceramic substrate, Fig. 3¢ shows that FMSPsC-3 exhibits inad-
equate coverage and surface uniformity, primarily because the
bonding between FMSPs particles and both the substrate and
each other relies mainly on physical adsorption or a limited
number of functional groups. In contrast, as shown in Fig. 3d-f,
OFMSPsC-1, OFMSPsC-2, and OFMSPsC-3 employ OTMS to
form a stable functional network between the FMSPs and the
ceramic substrate, resulting in not only a more uniform distri-
bution and tighter bonding of FMSPs but also, through the
optimized conditions, a progressively denser stacking and
connection of FMSPs on the substrate, thereby enhancing

(d) OFMSPsC-1 i(¢) OFMSPsC-2 {(f)OFMSPsC-3

Average diameter Average diameter! 4 " : »
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Fig. 3

(a—f) SEM images of MSPs, FMSPs, FMSPsC-3, OFMSPsC-1, OFMSPsC-2, and OFMSPsC-3. (g and h) TEM images of MSPs and FMSPs. (i and

j) Particle size distributions of MSPs and FMSPs. (k—n) 3D CLSM surface topography and corresponding average roughness (S,) values of FMSPsC-

3, OFMSPsC-1, OFMSPsC-2, and OFMSPsC-3.
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surface coverage. As presented in Fig. 3k-n, the CLSM images of
FMSPsC-3, OFMSPsC-1, OFMSPsC-2, and OFMSPsC-3 indicate
that the average surface roughness (S,) increases markedly with
the progressive optimization of OTMS bridging and processing
conditions. Specifically, S, rises from 1.458 pm for FMSPsC-3 to
1.782 pum, 2.256 pm, and 2.436 pm for OFMSPsC-1, OFMSPsC-2,
and OFMSPsC-3, respectively, corroborating the SEM observa-
tions of increasingly denser surface particle accumulation.
Overall, OTMS acts as a “molecular bridge” between the parti-
cles and the ceramic substrate, effectively improving both
surface coverage and structural stability of the resultant
material.

3.2. Wettability and durability

Fig. 4a compares the wettability performance of FMSPsC-3,
OFMSPsC-1, OFMSPsC-2, and OFMSPsC-3. FMSPsC-3 displays
a water contact angle (WCA) of 0, signifying its hydrophilic
nature, which is due to the high concentration of hydroxyl
groups present on the surface. Following the modification with
OTMS, the WCA of OFMSPsC-1 increases significantly to 147.5
+ 3.0°, with a sliding angle (SA) of 7.8 + 1.6°. Further optimi-
zation of the FMSPs loading results in an increase in WCA to
153.7 + 1.6° and a decrease in SA to 4.9 + 1.3° for OFMSPsC-2.
Subsequently, by optimizing the OTMS amount, OFMSPsC-3
achieves the highest WCA of 156.6 £ 1.8° and a reduced SA of

3.7 £ 1.6° demonstrating superior superhydrophobic
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performance. The degree of OTMS functionalization and the
FMSPs loading directly influence the formation of surface
roughness and the concentration of low surface energy groups.
Specifically, the optimized OTMS amount on OFMSPsC-3 leads
to more effective surface coverage and stronger chemical
bonding, resulting in a hierarchical micro/nanostructure that
enhances its superhydrophobicity.

As shown in Fig. 4b, the silver mirror reaction was conducted
to evaluate the superhydrophobic properties and air-cushion
stability of OFMSPsC-1, OFMSPsC-2, and OFMSPsC-3, with
FMSPsC-3 included as a control. Upon immersion in deionized
water, FMSPsC-3 was completely wetted upon contact with
water and dispersed into the liquid. In contrast, OFMSPsC-1,
OFMSPsC-2, and OFMSPsC-3 exhibited significantly different
behaviors. These dispersed samples aggregated into compact
clusters upon immersion, showing a prominent “silver mirror”
effect caused by total internal reflection from the trapped air
layer.** OFMSPsC-3 displayed the most exceptional performance
among the samples, forming a thicker, more uniform, and
stable air-cushion layer. This can be attributed to the denser
and more uniform grafting of hydrophobic alkyl chains intro-
duced via OTMS modification, which created a robust barrier
against water infiltration. Additionally, the higher hierarchical
surface roughness of OFMSPsC-3 further enhanced the stability
of the trapped air layer. These synergistic features allowed
OFMSPsC-3 to maintain a stable Cassie-Baxter state, ensuring
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WSA results. (b) Photographs of FMSPsC-3, OFMSPsC-1, OFMSPsC-2 and OFMSPsC-3 in water. (c) Direct antifouling tests on FMSPsC-3 and
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superior water repellence and reliable anti-wetting
performance.

The durability of the composite materials was comprehen-
sively evaluated through a series of tests, including stain resis-
tance, ultrasonic durability, acid-base immersion, and
mechanical abrasion. These tests aimed to investigate the
wettability retention of the samples under challenging condi-
tions. To evaluate the anti-fouling performance of the materials,
stain resistance tests were conducted using soybean milk, cola,
milk, tea, and muddy water. As shown in Fig. 4c, FMSPsC-3 and
OFMSPsC-3 were immersed in these liquids for 10 minutes to
observe their resistance to contamination. FMSPsC-3 exhibited
clear signs of being wetted in all the tested liquids, with water
droplets spreading across its surface. Upon removal from the
liquids, the surface of FMSPsC-3 remained wet, with residual
liquid clinging to it, indicating poor resistance to fouling and
wetting. In contrast, OFMSPsC-3 displayed remarkable anti-
fouling properties. During immersion, the sample maintained
a stable air-cushion layer on its surface, which was evident from
the reflective “silver mirror” effect, indicating that the liquid did
not penetrate its surface. Upon removal from the liquids, the
surface of OFMSPsC-3 remained dry and free of residues,
demonstrating excellent self-cleaning capabilities.

The acid-base resistance of OFMSPsC-3 was evaluated by
submerging the samples in solutions of different pH levels (pH
=1,3,5,9,11, and 13) for various time periods (2, 4, 6, 8, and 10
h). Post-immersion, the WCA was measured to evaluate the
retention of superhydrophobicity under harsh chemical condi-
tions. As depicted in Fig. 4d, OFMSPsC-3 maintained excellent
superhydrophobicity across all pH levels, with WCA values
consistently exceeding 143° even after 10 hours of immersion.
Specifically, in highly alkaline conditions (pH = 13), the WCA
slightly decreased to 151.2° after 6 hours, while in highly acidic
environments (pH = 1), the WCA remained above 153.1°
throughout the immersion period. In weak acidic and weak
alkaline conditions, the CA values consistently stayed above
150°, indicating optimal stability of OFMSPsC-3 in these envi-
ronments. The outstanding acid-base resistance of OFMSPsC-3
can be attributed to the densely grafted alkyl chains, which form
a hydrophobic barrier that effectively isolates corrosive liquids,
thereby protecting the material from chemical degradation.
This makes OFMSPsC-3 a promising candidate for applications
exposed to acidic or alkaline solutions, such as industrial
wastewater treatment or oil-water separation in chemically
corrosive environments.

The ultrasonic durability of OFMSPsC-1, OFMSPsC-2, and
OFMSPsC-3 was evaluated by subjecting the samples to ultra-
sonic treatment in deionized water (40 kHz, 150 W). Water
contact angles (WCA) were measured every 10 min to monitor
changes in superhydrophobicity over time. As shown in Fig. 4e,
all samples exhibited a gradual decline in WCA with increasing
ultrasonic exposure time. OFMSPsC-1 experienced the fastest
decrease, with the WCA dropping below 140° after 50 min.
OFMSPsC-2 maintained superhydrophobicity (WCA above 150°)
for up to 90 min. Notably, OFMSPsC-3 demonstrated the high-
est durability among the tested samples, retaining its super-
hydrophobicity for up to 120 min of ultrasonic exposure. This

This journal is © The Royal Society of Chemistry 2025
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superior ultrasonic durability of OFMSPsC-3 is attributed to the
sufficient molecular entanglement between the hydrophobic
grafted chains of OTMS and the FMSPs and ceramic substrate,
which enhances the overall structural integrity of the surface,
thereby ensuring prolonged maintenance of superhydrophobic
properties under dynamic conditions. In addition, the impact
resistance of the composite materials was evaluated by sub-
jecting 50 g OFMSPsC-3 to mechanical stress within a cylin-
drical container (height 20 cm, diameter 4 cm). The container
was shaken to simulate the mechanical forces and collisions
that the materials might encounter in practical applications.
The number of shakes was recorded, and the WCA was
measured every 15 shakes as one cycle to evaluate the retention
of superhydrophobic performance. After 375 shakes, the WCA
of OFMSPsC-3 slightly decreased to 150.2° (as illustrated in
Fig. 4f), demonstrating excellent mechanical stability. The
remarkable mechanical stability of OFMSPsC-3 is due to the
synergistic effects of chemical bonding and the surface struc-
ture. The extensive OTMS grafting not only reduced surface
energy but also acted as a chemical bridge between FMSPs and
the ceramic substrate, forming stronger covalent bonds that
prevent detachment under mechanical stress. This ensures the
long-term stability and durability of the material in mechan-
ically demanding environments.

The thermal stability of OFMSPsC-3 was thoroughly exam-
ined using thermogravimetric analysis (TGA) and muffle
furnace heating tests. TGA was performed in an air atmosphere
over a temperature range of 22-800 °C to investigate the thermal
decomposition behavior of OFMSPsC-3. As shown in Fig. 4g, the
TGA curve exhibited two distinct weight loss stages, corre-
sponding to the decomposition of different components within
the composite. The first minor weight loss of approximately
0.3% occurred under 200 °C, attributed to the evaporation of
physically adsorbed water and residual ethanol within the
mesoporous structure.*” The second, more significant weight
loss of 5.3% commenced around 200 °C and continued up to
600 °C, corresponding to the thermal decomposition of organic
functional groups, primarily from OTMS.** This indicates that
the submicron silica spheres, Fe;0, nanoparticles, and ceramic
substrate possess high thermal stability. Additionally, thermal
stability was further assessed by subjecting OFMSPsC-3 to
heating cycles in a muffle furnace, gradually increasing the
temperature from 25 to 450 °C and maintaining it for 30 min
per cycle. Following each heating cycle, the samples were
allowed to cool to room temperature, after which the WCA was
measured to assess wettability. As presented in Fig. 4h,
OFMSPsC-3 maintained an excellent superhydrophobicity with
WCA values above 155° even when heated up to 200 °C.
However, when the temperature exceeded 200 °C, a significant
reduction in WCA was observed, dropping to approximately
148.5° at 400 °C, which led to a loss of superhydrophobicity.
This transition reflects the thermal decomposition of the OTMS
alkyl chains, which compromises the hierarchical roughness
and surface energy necessary to maintain the Cassie-Baxter
state. Nevertheless, OFMSPsC-3 demonstrated remarkable
thermal stability, retaining its structural integrity and

J. Mater. Chem. A, 2025, 13, 23046-23058 | 23053


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ta02783g

Open Access Article. Published on 23 June 2025. Downloaded on 3/3/2026 10:31:10 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry A

superhydrophobic characteristics up to 200 °C, making it suit-
able for applications requiring resistance to high temperatures.

3.3. Magnetic oil absorption and recovery

The magnetic recovery capability of OFMSPsC primarily origi-
nates from the embedded magnetic Fe;O, nanoparticles. These
nanoparticles confer exceptional magnetic responsiveness to
the material, enabling rapid attraction and recovery under an
external magnetic field. This feature is particularly crucial for
oil-water separation processes, as it not only facilitates swift
material recovery and significantly enhances operational effi-
ciency, but also avoids potential secondary contamination
associated with traditional recovery methods while reducing
overall operational costs. As shown in Fig. 5a and b, the
magnetization curves of pure ceramic particles, FMSPsC-3, and
OFMSPsC-3 are presented respectively. Pure ceramic particles
exhibit negligible magnetization, whereas OFMSPsC-3 achieves
a saturation magnetization of approximately 1.173 emu g,
demonstrating sufficient magnetic responsiveness to enable
effective magnetic recovery. This significant magnetization is
attributable to the successful incorporation of magnetic Fe;0,
nanoparticles within the OFMSPsC-3 matrix. On the other hand,
FMSPsC-3 displayed a considerably lower magnetization
compared to OFMSPsC-3. This reduction in magnetic response
is due to the insufficient grafting of FMSPs onto the ceramic
substrate, which impairs the uniform distribution and effec-
tiveness of the magnetic nanoparticles, thereby diminishing its
overall magnetic properties. Fig. 5c, d and Video S17 illustrate
the real-time oil absorption process and the subsequent
removal of oil-laden OFMSPsC-3 samples using an external
magnetic field. In the oil absorption experiments, OFMSPsC-3
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demonstrated exceptional efficiency by capturing oil droplets
that floated on the water surface within a mere 10 seconds. This
rapid absorption is facilitated by the material's super-
hydrophobic and oleophilic characteristics, combined with its
mesoporous structure, which provides ample surface area and
pathways for oil uptake. Following absorption, the OFMSPsC-3
was swiftly and effectively attracted to an external magnet,
enabling its easy retrieval from the aqueous environment.
Importantly, this magnetic separation process left no discern-
ible oil residues in the water, underscoring the material's high
selectivity and efficiency in oil-water separation. The high oil-
absorption capacity of OFMSPsC-3 is a direct consequence of
its synergistic combination of mesoporous architecture and
superhydrophobic surface properties. The mesoporous struc-
ture ensures a high surface area and interconnected pore
networks, which facilitate the rapid uptake and retention of oil
molecules. Fig. 5e and f illustrates the oil removal performance
of OFMSPsC-3 in practical oil-water separation for both light
and heavy oils. As revealed in Fig. 5e and Video S2,7 OFMSPsC-3
exhibits excellent adsorption capacity for light oils (e.g:, edible
oil), rapidly dispersing at the oil-water interface and capturing
oil molecules through its superhydrophobic and oleophilic
surface properties. Under an applied magnetic field, the
OFMSPsC-3 undergoes directional migration from the water
surface to the oil layer and ultimately to the magnet, resulting in
clear separation with purified water, while the magnetic
recovery process requires no additional energy input. Fig. 5f and
Video S21 demonstrate the removal of heavy oils (e.g., chloro-
form). Through surface functionalization, OFMSPsC-3
enhances the oil-particle interfacial affinity, progressively
encapsulating and penetrating the heavy oil layer. The meso-
porous structure of OFMSPsC-3 provides abundant adsorption

-

a——

(a and b) Magnetization hysteresis loops of pure ceramic particles, FMSPs-3 and OFMSPsC-3. (c and d) Magnetic-guided motion and oil

cleanup behavior of OFMSPsC-3 within a U-shaped tube. Photograph of OFMSPsC-3 removal of (e) light oil and (f) heavy oil from water.
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sites, ultimately enabling complete oil detachment under the
influence of a magnetic field. These results demonstrate that
the magnetically guided retrieval capability of OFMSPsC-3,
synergized with its mesoporous architecture and super-
hydrophobicity, enables universal adaptability to diverse oils,
offering an efficient strategy for complex oil-water separation.

3.4. The performance and mechanism of oil-water
separation

The study evaluated the performance of oil-water separation
and the potential separation mechanisms of the super-
hydrophobic particle filter medium OFMSPsC-3. As displayed in
Fig. 6a, the separation procedure employed a gravity-driven
filtration system, in which the oil-water mixture was intro-
duced into a funnel filled with OFMSPsC-3 serving as the
filtering medium. The material's superhydrophobic and oleo-
philic properties enabled rapid oil permeation through the
filter, while effectively retaining water above it. Fig. 6b demon-
strates that, across all tested oil-water systems—including
petroleum ether-water, toluene-water, and cyclohexane-water
mixtures—the separation efficiency of OFMSPsC-3 exceeded
93%, reaching a maximum of 96.4%. Additionally, for high-
viscosity edible oil-water mixtures, the minimum flux of
OFMSPsC-3 remained at 0.8 kL m~> h™', demonstrating its
effectiveness in high-viscosity oil-water systems, Table S2f

(a)

(d)
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Fig. 6
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summarizes and analyzes the separation performance of
OFMSPsC across various oil types and concentrations.
Throughout the separation process, OFMSPsC-3 effectively
managed different oil-water systems, with its remarkable
separation efficiency resulting from its superior wettability and
hollow mesoporous structural features. To assess the reusability
of OFMSPsC-3, ten consecutive oil-water separation cycles were
performed. As revealed in Fig. 6c, the separation efficiency
remained above 85% across all test cycles, and the flux did not
significantly decline, consistently maintaining a level of 4.9 kL
m 2 h™' (using n-hexane-water mixtures as an example).
Furthermore, after ten separation cycles, no significant particle
detachment was observed on the material's surface, and both
the layered roughness and superhydrophobic properties
remained stable. This indicates that OFMSPsC-3 possesses
excellent durability and reusability, providing strong support
for its sustainability in practical oil-water separation applica-
tions. The oil adsorption capacity tests demonstrate that
OFMSPsC-3 exhibits broad-spectrum effectiveness across oils
with varying physicochemical properties (e.g., low-viscosity n-
hexane/cyclohexane and high-viscosity edible oil). The quanti-
tative results (Fig. S41) validate its robust oleophilicity and
structural porosity, enabling efficient oil uptake. This perfor-
mance, coupled with the material's magnetic recoverability
(Fig. 5¢ and d), underscores its suitability for practical oil-water
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separation scenarios involving diverse oil contaminants. To
address the experimental challenges of oil-water separation
under varying pH conditions, we investigated the separation
efficiency and permeation flux of OFMSPsC material in mixed
systems of HCI solution-oil phase, NaCl solution-oil phase, and
NaOH solution-oil phase (pH = 1-13). As shown in Fig. S5, the
OFMSPsC material demonstrates exceptional environmental
adaptability in oil-water separation applications, maintaining
superior performance across a broad pH range (1-13) and in
3.5% NacCl solutions. Experimental results demonstrate stable
separation efficiencies of 92.5-95.8%, 92.8-96.0%, and 93.3-
96.0% under strongly acidic (pH = 1), neutral (pH = 7), and
strongly alkaline (pH = 13) conditions respectively, with typical
permeation fluxes reaching 5.49-5.54 KL m~> h™" for chloro-
form/n-hexane systems. In saline environments, the material
achieves over 94% separation efficiency for edible oil-water
mixtures and 5.6 kL m > h™' permeation flux for n-hexane-
water systems. This remarkable stability stems from three
synergistic factors: the ion-blocking effect of the OTMS hydro-
phobic layer, the robust chemical stability of the Si-O-Si
backbone structure, and optimized surface energy modulation
through hierarchical pore engineering. These characteristics
collectively validate the material’s practical viability in complex
operational environments, offering a reliable technical solution
for industrial wastewater treatment and marine oil spill reme-
diation applications.

Superhydrophobic OFMSPsC-3 exhibit water contact angles
exceeding 150°, preventing water Young-Laplace equation
penetration, while oleophilic properties facilitate spontaneous
oil passage through the mesoporous framework. This behavior
can be explained by the capillary pressure differential predicted
by the:*>*

Ap = 2T cos 0 (4)

Yp

where v, is the interfacial tension between the liquid and air, v,
is the pore radius, and @ is the contact angle between the liquid
and the solid surface. Fig. 6d and e illustrate that the negative
capillary pressure (AP < 0) of oil enables its rapid permeation,
whereas the positive pressure (AP > 0) of water impedes its
penetration, ensuring effective separation. Moreover, the robust
chemical bonding and molecular entanglement between the
OTMS chains, FMSP, and ceramic substrate contribute to the
mechanical stability and durability of OFMSPsC-3, enabling it
to maintain high separation efficiency through repeated cycles.
These comprehensive characteristics render OFMSPsC-3
a highly efficient and sustainable solution for addressing oil-
water separation challenges in environmental and industrial
applications.

4. Conclusions

In conclusion, the study successfully fabricated a super-
hydrophobic/oleophilic composite ceramic filter medium
(OFMSPsC) by integrating mesoporous silica and magnetic
Fe;0, nanoparticles, followed by modification with OTMS to
enhance hydrophobicity and stability. Characterization
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revealed a contact angle of 156.6° and a saturation magnetiza-
tion of 1.173 emu g '. In oil-water separation experiments,
OFMSPsC achieved over 93% separation efficiency, with petro-
leum ether-water systems reaching 96.4% and high-viscosity
edible oil-water systems maintaining a minimum flux of 0.8
kL m~2 h™'. Ten continuous separation cycles showed effi-
ciencies above 85% and a stable flux of 4.9 kL m > h™". The
embedded magnetic nanoparticles enabled rapid oil recovery
within 10 seconds using an external magnetic field, significantly
enhancing reusability and operational convenience. Acid-base
tests confirmed contact angles above 140° across a pH range of
1 to 13, and thermal stability assessments showed excellent
superhydrophobicity below 200 °C. Overall, OFMSPsC exhibits
exceptional performance for oil-water separation, promising
applications in environmental remediation and industrial oil
spill cleanup.
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