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A highly hydrophobic polyhedral oligomeric
silsesquioxane platform intended
for microplastic adsorption and oil remediation

Delaram-Sadat Tavoussi-Shirazi,a Nasrin Moradi,a Mehrdad Mohaghegh,a

Majid Karimib and Habib Bagheri *a

The ubiquity and persistence of microplastics (MPs) and hydrophobic organic pollutants pose serious

threats to aquatic environments and human health, necessitating the development of effective

remediation strategies. In this study, a fluorine-free polyhedral oligomeric silsesquioxane (POSS)

functionalized platform was successfully fabricated via a UV-assisted thiol–ene click reaction without

any initiator. The platform contained both SH- and OV-POSS, which led to a sponge with durable

superhydrophobicity, enhanced stability, and dual adsorption capability toward oils and microplastics.

The structural and chemical features of the POSS modified sorbent were systematically confirmed using

scanning electron microscopy (SEM), Fourier-transform infrared spectroscopy (FTIR), energy-dispersive

spectroscopy (EDS), and Brunauer–Emmett–Teller (BET) surface area analysis. The modified platform by

POSS features a highly interconnected porous structure and enhanced surface hydrophobicity (water

contact angle: 1531). Kinetic and isotherm analyses demonstrate that the adsorption process follows a

pseudo-second-order kinetic model and is best described by the Freundlich isotherm, indicating

multilayer adsorption on heterogeneous surfaces. The modified platform rapidly adsorbed nearly 90% of

MPs from aqueous suspension, maintaining high removal efficiency even after multiple reuse cycles. The

POSS modified sponge also shows outstanding oil and organic solvent sorption capacities and retains its

efficiency after performing multiple absorption/desorption cycles, and an absorption capacity of up to

89 g g�1 for oil/organic solutions was achieved. Overall, the POSS-functionalized sponge proves to be a

sustainable, efficient, and versatile platform for large-scale water treatment applications targeting both

microplastics and oil pollution removal from aquatic media.

1. Introduction

Plastics have become ubiquitous in modern society due to their
versatility and durability,1 with global production surpassing
335 million tons annually. Despite this widespread use, only
approximately 9% of plastic waste is effectively recycled, result-
ing in significant environmental accumulation. Microplastics
(MPs), in particular, defined as plastic particles ranging from
1 mm to 5 mm,2 arise primarily through the fragmentation
of larger plastic debris via physical abrasion, chemical oxida-
tion, ultraviolet (UV) radiation exposure, combustion, and
biodegradation.3,4 Over the past decade, MPs have garnered
increasing attention from researchers and environmentalists
owing to their pervasive presence and persistence in aquatic

ecosystems worldwide.5 Due to their tiny particle size, MPs are
readily ingested by various aquatic organisms such as fish and
bivalves, leading to bioaccumulation and potential transfer
through the food web.6 Moreover, MPs possess a high specific
surface area and hydrophobic nature that facilitate adsorption
of toxic pollutants and pathogenic microorganisms. These
factors collectively pose risks to aquatic biota and human
health, including immune dysfunction and localized inflam-
matory responses upon ingestion.7,8 Consequently, the effective
removal of MPs from aqueous environments is imperative to
mitigate their ecological and health hazards. Simultaneously,
oils and organic solvents are regarded as major aquatic pollu-
tants, with their prevalence exacerbated by increasing indus-
trial activities and expansion of waterborne transportation.9

Therefore, remediation strategies addressing both MPs and oil
pollutants are essential to restore water quality and safeguard
environmental and public health.10 Current techniques for
the separation and removal of MPs and oil contaminants
broadly include physical, chemical, and biological methods.11
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Physical methods such as filtration and sedimentation often
suffer from inefficiency in capturing particles at the micro
scale. Chemical treatments can generate secondary pollutants,
while biological approaches may require extended treatment
times and controlled conditions. Wastewater treatment plants
(WWTPs), despite serving as primary barriers to MPs’ dis-
charge, typically achieve only about 90% removal efficiency,
with a substantial fraction of MPs below 25 mm escaping
treatment.12 Moreover, challenges such as membrane fouling,
operational complexity, and high material costs hinder the
widespread application of advanced removal technologies.13

Adsorption has emerged as a promising approach for MPs
and oil remediation due to its advantages including high
removal efficiency, operational simplicity, low cost, fast
kinetics, and minimal generation of toxic byproducts.14 Diverse
adsorbents such as metal–organic frameworks (MOFs),15

layered double hydroxides (LDHs),16 magnetic materials,17

biochar,18 zeolitic imidazolate frameworks (ZIFs),19 and engi-
neered sponges have demonstrated efficacy in capturing MPs
from aqueous matrices.20 Among these, sponge-based adsor-
bents present unique advantages attributable to their three-
dimensional interconnected porous structures, high accessible
pore volume, mechanical flexibility, and excellent reusability.21

Their facile fabrication, broad applicability, and ease of opera-
tion position them as attractive candidates for practical water
treatment solutions.22 Notwithstanding these benefits, limita-
tions such as suboptimal adsorption rates, environmental
sensitivity (e.g., to pH), and the need for enhanced selectivity
remain challenges to be addressed.15 Considering the hydro-
phobic nature of MPs, the application of hydrophobic adsor-
bents is essential for their efficient removal from aqueous
environments. The hydrophobicity of a surface is primarily
governed by the intentional engineering of its micro and
nanoscale structures to create surface roughness, in conjunc-
tion with the application of low-surface-energy materials cap-
able of inducing a Cassie–Baxter wetting state.23 Hydrophobic
modification of adsorbents is thus crucial for enhancing their
MP removal capability, and numerous strategies have been
developed for the fabrication of highly hydrophobic surfaces.24

However, many conventional methods rely on toxic or environ-
mentally unsustainable components such as fluorocarbons,25

underscoring the importance of identifying and employing non-
toxic alternatives. In this context, polyhedral oligomeric silses-
quioxanes (POSSs) have emerged as ideal reagents for advanced
material design. POSS is an organic–inorganic hybrid material at
the molecular level, represented by the general formula (RSiO3/2)n,
featuring a rigid, three-dimensional silicon–oxygen cage structure
(approximately 1–3 nm) decorated with organic functional groups.
This unique architecture imparts POSS with outstanding chemical
and thermal stability, non-toxicity, and high hydrophobicity, while
its odorless and environmentally friendly nature, attributed to its
non-toxic inner silica core, prevents the release of volatile organic
byproducts during synthesis.26–28 As a result, POSS represents
a promising and sustainable alternative for the hydrophobic
modification of adsorbents aimed at efficient MP removal and
hydrophobic organic pollutant sorption. Zhang et al. developed

UV-curable hydrophobic coatings based on epoxy-functionalized
POSS (EP-POSS) and its derivatives. By incorporating alkyl and
fluoroalkyl EP-POSSs with silica nanoparticles and photoinitia-
tors, the resulting hybrid coatings showed high mechanical
strength and sufficient hydrophobicity (WCA up to 1081).29 Simi-
larly, Hao et al. fabricated 3D polymer sponges functionalized
with POSS-based organosilicon precursors, achieving a highly
hydrophobic (WCA 4 1501) property. The incorporation of POSS
effectively reduced surface energy and improved mechanical
strength.30 Wanli et al. developed dual-fluorinated POSS hybrid
polymers as durable superamphiphobic coatings on textiles and
aluminum via dip-coating which showed anti-corrosive properties
with contact angles above 1601.31 Most previous POSS-based
studies improved hydrophobicity using fluorinated agents
such as perfluoro-POSS or long-chain fluorosilanes, which raise
environmental concerns. Moreover, conventional dip- and spray-
coating methods involve volatile solvents and poor surface
uniformity.32

The aim of this study was to prepare an environmentally
friendly medium capable of efficiently removing both MPs and
oil contaminants from water. In this context, the develop-
ment of next-generation, high-efficiency hydrophobic sponge-
based sorbents capable of simultaneously removing micro-
plastics and oil contaminants represents a significant
advancement toward effective, sustainable water treatment
technologies. This study reports the synthesis, characteriza-
tion, and performance evaluation of a hydrophobic sponge
designed for efficient sorption of MPs and hydrophobic
organic pollutants from water. The sorption mechanisms,
regeneration capability, and comparative performance with
existing materials are systematically investigated, highlight-
ing the material’s potential for large-scale environmental
remediation.

2. Experimental section
2.1. Chemicals

All chemicals were used as received without any further
purification. Sodium chloride (NaCl), potassium chloride
(KCl), and calcium chloride (CaCl2) were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Carbon tetrachloride,
ammonia, and sodium hydroxide (NaOH) were obtained from
Merck (Darmstadt, Germany). Melamine sponges were pro-
cured from a local shop. Two types of polymer powders,
polyvinyl chloride (PVC) and polystyrene (PS), were purchased
and used as received. Organic solvents including acetone
(99%), n-dodecane (99%), toluene (99%), n-hexane, dichloro-
methane (DCM), and ethanol were purchased from Merck
(Darmstadt, Germany). Methanol (MeOH, HPLC grade) was
obtained from Baher Exir Kaveh (Saveh, Iran). Sodium sulfate
(Na2SO4) was also sourced from Merck (Darmstadt, Germany).
Additional reagents included vinylmethoxysilane, hydrochloric
acid (HCl, 36.5%), 3-(trimethoxysilyl)-1-propanethiol, and
(3-mercaptopropyl)trimethoxysilane (MTS), all purchased from
Sigma-Aldrich (St. Louis, MO, USA).
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2.2 Apparatus

The morphology and surface structures of the sponges were
examined by scanning electron microscopy (SEM) using a
TESCAN Mira 3-XMU (Czech Republic). Samples were mounted
on carbon tape and sputter-coated with gold prior to imaging.
Surface functional groups were analyzed using Fourier-
transform infrared spectroscopy (FTIR), including ATR-FTIR
(AVATAR, Thermo, USA). The specific surface area and porosity
were determined by nitrogen adsorption–desorption iso-
therms using the Brunauer–Emmett–Teller (BET) method on
a BELSORP-mini II instrument (BEL Japan), with samples
degassed at 70 1C for three hours prior to measurement. Zeta
potential measurements of MPs and the sponge were con-
ducted using a Zetasizer Nano ZS90 (Malvern Instruments,
UK) across a range of initial pH values. An Elmasonic S
ultrasonic bath (Germany) was used to facilitate the dissolution
and dispersion of OV-POSS and SH-POSS in ethanol. Ultrapure
water used throughout all experiments was obtained from a
ZU101-C ultrapure water system (Zolalan Company, Iran). The
water contact angle (WCA) was measured using a goniometer
(DataPhysics OCA 15 Plus, Germany) with a droplet volume of
4 mL under ambient conditions. Solution pH adjustments were
performed using a Metrohm E520 pH meter (Herisau, Switzer-
land). The vortex-assisted desorption of MPs was performed
using a Heidolph shaker and mixer (Schwabach, Germany). The
sorption experiments were monitored using a Cyberscan IR
TB100 turbidimeter (EUTECH Instruments, Singapore), with
adsorption carried out using a magnetic stirrer-heater. Radiation
grafting of POSS on melamine sponge surfaces was achieved via
UV irradiation using a homemade 265 nm UV LED system (12 V,
5 A for 2 h). The X-ray diffraction (XRD) patterns were obtained
using a PANalytical X’Pert PRO MPD X-ray diffractometer. Com-
pression tests were carried out using a universal testing machine
(Hounsfield H10Ks, USA) to evaluate the mechanical strength of
the samples.

2.3 Synthesis of POSSs

POSS-SH was synthesized through the hydrolysis and con-
densation of (3-mercaptopropyl)trimethoxysilane (MPTS or 3-
MPTMS) under acidic conditions. An amount of 5 mL of MPTS
was added to 120 mL of MeOH together with 10 mL of
concentrated hydrochloric acid in a three-necked flask
equipped with a reflux condenser and magnetic stirring. The
mixture was refluxed or stirred vigorously at 90 1C under a
nitrogen atmosphere for 24 h, resulting in a white precipitate.
The crude product was collected by filtration and subjected to
repeated washing steps with MeOH to remove impurities. The
viscous intermediate was then dissolved in dichloromethane
(CH2Cl2), washed multiple times with deionized water, dried
over anhydrous Na2SO4, and concentrated by rotary evaporation
to yield the final POSS-SH product with yields up to 87%.33,34

Octavinyl-POSS (OV-POSS) was synthesized following mod-
ified procedures reported previously. In a typical synthesis,
vinylmethoxysilane (33.32 g) was dissolved in 338 mL of acetone
in a flask equipped with magnetic stirring. A mixture of

concentrated hydrochloric acid (57 mL) and deionized water
(65 ml) was added dropwise to the reaction mixture, which was
then refluxed at 40 1C for 48 h. During this time, a white solid
precipitated on the flask walls while the solution color changed to
brown. The crude product was separated by centrifugation,
washed with ethanol, and dried under vacuum at 60 1C. The
white powder was further purified by recrystallization from
dichloromethane and acetone mixtures (1 : 3 volume ratio).35,36

2.4 Sponge pretreatment

Melamine sponges were cut into 1� 1� 1 cm3 cubes, subjected
to ultrasonic cleaning in acetone and ethanol to eliminate
organic residues, and then dried at 70 1C. For hydroxyl func-
tionalization, sponges were further soaked in a 2.5 mol L�1

sodium hydroxide solution for 15 min, enhancing surface
reactivity for subsequent coating steps. These pretreatment
procedures ensured consistent surface conditions suitable for
sol–gel deposition and functionalization, as illustrated in Fig. 1.

2.5 Synthesis of the highly hydrophobic melamine sponge
(POSS-MS)

The sol–gel synthesis was carried out using four different
amounts of precursor concentrations by adding 1, 2, 3, and
4 mL of 3-(trimethoxysilyl)-1-propanethiol to 50 mL of deio-
nized water, followed by stirring until a clear solution was
obtained. After 24 h, 1 mL of ammonia was introduced to
initiate gelation; simultaneously, the pretreated sponge was
immersed in the solution for 3 h and subsequently heated at
80 1C for one hour. SEM images (Fig. S1) were taken at each
stage corresponding to the different precursor concentrations
to investigate the morphological evolution of the surface.
Among them, the sample synthesized with 2 mL of 3-(tri-
methoxysilyl)-1-propanethiol exhibited the most uniform and
well-distributed coating, with minimal agglomeration and suf-
ficient surface coverage. Therefore, the concentration of 2 mL
was selected as the optimal condition for further modifications.

The resulting SH-MS was washed four times with ethanol
and dried at 55 1C for 6 h. Then, to functionalize the SH-MS
with POSS, the modified MS was immersed in a solution of OV-
POSS : SH-POSS and exposed to UV light at 365 nm for 2 h,
followed by washing with ethanol and drying at 60 1C. To
investigate the influence of feed composition on surface prop-
erties, a series of samples were prepared using varying amounts
of OV-POSS and SH-POSS (10, 20, 40, and 60 mg) dissolved in
10 mL of ethanol with ultrasonic assistance to promote dis-
solution and dispersion, maintaining a 1 : 1 mass ratio between
the two components. This systematic variation allowed for the
evaluation of the effect of POSS content on the resultant surface
characteristics. Fig. 2(A)–(C) illustrates that the surface hydro-
phobicity increased with POSS content up to 40 mg, in which
the maximum contact angle (B152.31 � 3.2) was observed.
A further increase to 60 mg did not enhance the hydrophobicity,
indicating that 40 mg is the optimum concentration. The WCA of
the modified sponges was measured at three different locations
on the surface, and the average of these measurements was
reported as the final contact angle.
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2.6 Removal of the MPs and oil absorption using the POSS-MS

The modified sponge was immersed in 20 mL glass vials
containing aqueous solutions (10 mL) of varying PS and PVC
MP concentrations at dosages of 100, 200, 300, 400, 500,
and 600 mg L�1. The mixtures were maintained on a magnetic
stirrer at 25 1C and 100 rpm. Samples were collected at
predetermined time intervals (5, 10, 15, 20, 25, 30, 35, 40, 45,
50, 55, and 60 min) to evaluate the adsorption kinetics. In
addition, the effect of solution pH on MP adsorption was
examined by adjusting the pH to 3, 5, 7, 9, and 11, using
0.1 mol L�1 sodium hydroxide or 0.1 mol L�1 hydrochloric acid.
The concentration of MPs in solution before and after the
adsorption experiments was quantified by the turbidity assess-
ment of the supernatant at each time point using a turbidi-
meter. The removal efficiency was calculated by comparing the
MP concentration in solution before and after the adsorption
process. The absorption performance of the prepared sponge
was evaluated for various oils and organic solvents using
gravimetric analysis. For oil and solvent tests, the sponge
sample was immersed in 10 mL of the target liquids selected,
toluene, n-dodecane, kerosene, cooking oil, n-hexane, and

carbon tetrachloride, at room temperature until fully saturated.
After immersion for 1 min, the sponge was removed, drained
for 5–10 seconds to eliminate excess liquid, and immediately
weighed. All experiments were performed in triplicate, and the
average values were reported. The absorption capacity (Q) was
calculated using the following equation:

Absorption capacity ¼ mc �m

m

where mc (g) is the mass of the sponge after absorption, and m
(g) is the initial dry mass of the sponge.

2.7 Reusability

The reusability of the modified sponges and functional materi-
als was systematically evaluated through repeated adsorption–
desorption cycles. For oils and organic solvents, a repetitive
absorption–squeezing process was employed: the sponge was
first saturated by immersion in the target oil or solvent,
followed by manual squeezing until no visible liquid remained,
thoroughly washed with ethanol, dried in an oven, and the
cycle was repeated. Sorption capacity was recorded across

Fig. 1 Preparation processes of the superhydrophobic POSS-MS.
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10 consecutive cycles. For MPs, the sponge was first saturated
by immersion in MP suspensions and then transferred to a
glass vial containing 5 mL of ethanol, where the adsorbed
analytes were eluted via vortex-assisted desorption. The
adsorption–desorption cycle was repeated nine times, with
the adsorbed analyte quantified after each cycle.

2.8 Sorption kinetics

The experimental data obtained from the adsorption kinetics
were examined using the pseudo-first-order (PFO), pseudo-
second-order (PSO), and Weber–Morris intra-particle diffusion
(IPD) kinetic models, and Avrami fractional-order model. To
better demonstrate the extent of fitting between the experi-
mental data and model predictions, statistical error functions
(chi-square (w2) and root mean square error (RMSE)) were
calculated using eqn (5) and (6), respectively. Additionally, the
correlation coefficient (R2) was employed to evaluate the degree
of agreement between predicted and experimental results.

The model exhibiting the highest R2 and the lowest w2 and
RMSE values was considered to provide the best fit.37

PFO: ln(qe � qt) = ln qe – k1t (1)

PSO:
t

q
¼ 1

k2qe2
þ t

qe
(2)

IPD: qt = kidt0.5 + C (3)

Avrami: qt = qe[1 � e�(kt)n] (4)

w2 ¼
X qexp � qcal

� �2
qcal

(5)

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

n� 1

X
qexp � qcal
� �2r

(6)

In these equations, qe (mg g�1) denotes the amount of MPs
adsorbed at equilibrium, while qt (mg g�1) represents the
amount adsorbed at any given time. The constants k1 (1 min�1),

Fig. 2 Water contact angles of the adsorbent surface with varying amounts of OV-POSS and SH-POSS (10 (A), 20 (B), and 40 mg (C)) and WCA of POSS-
MS after the adsorption/desorption process (D), each measured at three different surface positions.
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k2 (g mg�1 min�1) kid (mg g�1 min�1/2) and kAvrami (min�1) are
the adsorption rate constants for the PFO, PSO, IPD, and
Avrami kinetic models, respectively. qexp is the experimental
adsorption capacity and qcal is the calculated adsorption
capacity.

2.9 Sorption isotherms

To better understand the adsorption behavior and mechanisms
of MP adsorption, various isotherm models including Lang-
muir, Freundlich, Temkin and Sips were applied to experi-
mental equilibrium data. The Langmuir model describes the
adsorption of molecules on a homogeneous surface, where a
monolayer forms, indicating that all adsorption sites have the
same energy and are equally accessible, while for the Freun-
dlich model, multilayer adsorption on heterogeneous surfaces
is a favorable route.38 In the Sips isotherm model, aspects of
the Langmuir and Freundlich models are combined, describing
multilayer adsorption which is one of the most applicable
three-parameter isotherms for monolayer adsorption.39 The
Temkin isotherm model accounts for indirect interactions
between the sorbate and sorbent and assumes that the adsorption
energy decreases with surface coverage during chemisorption.38

The fitting models were evaluated by comparing the correlation
coefficient (R2), which reflects the agreement between the pre-
dicted values from the sorption models and the experimental
data. For this, batch sorption experiments (in triplicate) were
conducted using six different initial MP concentrations of 100,
200, 300, 400, 500, and 600 mg L�1 and a constant ambient
temperature of 25 1C at a neutral pH value of B8. The fitting
parameters for each sorption model are provided in Table S1.
These parameters include qmax (mg g�1), the Langmuir saturated
sorption capacity corresponding to full monolayer coverage; Ce

(mg L�1), the equilibrium concentration of MPs in solution; and
b, the Langmuir sorption constant, which is related to the energy
of sorption (L kg�1). Additionally, kf (L kg�1) represents the
logarithmic Freundlich sorption coefficient, n is the Freundlich
exponent, and kL (L mg�1) is the Langmuir equilibrium constant.
For the Temkin model, b1 is the activity coefficient (J mol�1), kt is
the constant, and bs is the Sips isotherm constant associated with
the energy of adsorption.

3. Results and discussion
3.1. Characterization of the modified MS

ATR-FTIR was employed to monitor the functional groups of
the pristine and modified MS, as shown in Fig. 3. Both spectra
exhibit several characteristic peaks for the pristine MS that were
located at 3336, 3000, 1600, 1538 and 1338 cm�1 corresponding
to the N–H vibrations, CQO stretching, CQN stretching,
triazine ring and methyl bending respectively.40,41 For the SH-
MS, the appearance of a new peak at 2537 cm�1 is attributed to
the stretching vibration of the S–H bond. However, in the case
of POSS coated MS, this peak is absent due to the polymeriza-
tion process. In the FTIR spectrum of the POSS-MS, an absorp-
tion peak at 808.36 cm�1 was observed and the increased

intensity and sharpness around 1100 cm�1 correspond to the
symmetric and asymmetric stretching vibrations of the Si–O–Si
bonds.42 The absorption peaks at 695 and 1270 cm�1 are
attributed to the symmetric and asymmetric stretching vibra-
tions of the Si–C bonds.27

The surface morphology of melamine sponges was thor-
oughly examined using SEM, revealing significant changes
following different modification processes. Fig. 4A illustrates
that the pristine MS exhibits a characteristic three-dimensional
porous structure with a smooth surface texture. As shown in
Fig. 4(B) and (C), the entire surface of the SH- and POSS-
melamine sponges is covered and their roughness is increased.
The modification with POSSs under UV irradiation results in
the formation of a new coating layer comparable to the SH-MS
surface, where larger surface particles are clearly visible. In the
case of POSS-MS, SEM images show a significantly altered
surface that imparts a roughened texture, enhancing hydro-
phobicity due to the low-surface-energy properties of POSS.43

Energy-dispersive spectroscopy (EDS) analysis was con-
ducted to confirm the presence and distribution of elements
and functional groups on the modified MS surface. The pristine
sponge surface primarily contained carbon (C) and oxygen (O),
whereas the POSS-modified MS exhibited uniform distribution
of additional elements such as silicon (Si) and sulfur (S),
indicating successful grafting of POSS onto the MS surface
(Fig. S2).

In order to evaluate the surface wettability and hydrophobic
properties of the modified and unmodified melamine sponges,
water contact angles were measured at three different positions
for each sample, and the average values (� standard deviation)
are reported. Pristine MS is inherently hydrophilic, rapidly
absorbing water upon contact. For instance, the pure MS
exhibited a WCA value close to 01, signifying its strong water
affinity. However, surface modification with hydrophobic
agents such as SH-POSS and OV-POSS demonstrated signifi-
cantly improved water repellency. The POSS-MS achieved a

Fig. 3 ATR-FTIR spectra of pristine MS (A), SH modified MS (B), POSS-MS
(C), and POSS-MS after the adsorption/desorption process (D).
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WCA of 152.31 � 3.2, confirming that the prepared surface
is highly hydrophobic. This surface modification not only
enhanced water repellency but also contributed to oil–water
separation capabilities.

The modified sponge was able to selectively absorb oil while
repelling water. As illustrated in Fig. 5A, n-hexane droplets
stained with red dye readily permeate and are fully absorbed
into the surface of the POSS-modified melamine sponge, indi-
cating strong oleophilicity. In contrast, water droplets stained
with methylene blue retain a near-perfect spherical shape on
the same surface, highlighting its pronounced hydrophobicity.
Moreover, when the sponges are immersed in water, the modified

sponge remains buoyant and floats on the surface, whereas the
pristine MS rapidly absorbs water and sinks, as shown in Fig. 5B.
The modified sponge effectively repels the water stream, prevent-
ing any penetration or passage through its structure, whereas the
pure sponge readily allows water to infiltrate and flow through
due to its inherently superhydrophilic nature (Fig. 5C and D).

Based on the nitrogen adsorption–desorption isotherms and
Barrett–Joyner–Halenda (BJH) pore size distribution curves
(Fig. S3), the MS and POSS-MS exhibit a Type III isotherm
profile with an H3 hysteresis loop, indicating the contribution
of mesoporous and macroporous structures.44 In this type of
isotherm, adsorption at low relative pressures is negligible due

Fig. 4 The SEM images of pristine MS (A), SH coated MS (B), POSS-MS (C), and POSS-MS after the adsorption/desorption process (D).
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to the weak interaction between the adsorbate and the adsor-
bent surface, while a sharp increase in adsorption at high
relative pressures (P/P0 4 0.9) corresponds to multilayer for-
mation. The adsorption mechanism and pore structure remain
essentially unchanged before and after modification. The BET
surface area, total pore volume, and average pore diameter of
the materials are summarized in Table S2.

To evaluate the structural stability of the prepared POSS-MS,
several characterization techniques were employed before and
after the adsorption/desorption process. As shown in Fig. 4D,
the SEM images reveal that the morphology and porous frame-
work of the POSS-MS remained almost unchanged after the use,
indicating that the POSS-MS retained its structural integrity
without noticeable collapse or deformation. The ATR-FTIR
spectra (Fig. 3) of the POSS-MS before and after the adsorp-
tion/desorption cycles displayed nearly identical characteristic
peaks, confirming that the functional groups were well pre-
served during the process. In addition, the XRD patterns
(Fig. S4-A) exhibited an amorphous silicon peak at approxi-
mately 21.31 (2y). After adsorption, the patterns showed similar
shapes without new peaks or position shifts, indicating that no
phase transformation occurred. The slight decrease in peak

intensity may be attributed to the adsorption of pollutants on
the sponge surface; nevertheless, the amorphous framework of
the POSS-MS remained unchanged, confirming its structural
stability.

The WCA of POSS-MS after being used was 150.3 � 2.0, and
statistical analysis using a t-test (t = 1.64, p 4 0.05) indicated no
significant difference compared to the initial value. The struc-
tural stability of the sponge was further examined under harsh
conditions by immersing it in 0.1 M NaOH solution for 8 h. The
WCA values obtained afterward (B1501 � 3.8) demonstrated
that the surface hydrophobicity was well preserved (Fig. S4-C).

Mechanical stability was also investigated through compres-
sive stress–strain measurements (Fig. S4-B). The curves illus-
trate the mechanical behavior of the modified sponge during 20
successive compression–release cycles. At strains below 10%,
the sponge shows a linear elastic region related to the bending
of pore walls, followed by a deformation plateau (20–70% strain)
attributed to elastic buckling. At higher strains (475%), a densi-
fication region appears, where stress rises sharply due to the
collapse and close contact of cell walls.45 After 20 cycles, the
stress–strain curves gradually shift upward, indicating a slight
enhancement in stiffness, likely due to minor pore compaction.

Fig. 5 Wetting behavior of POSS-MS to oil and water (A). Floating behavior of pristine and modified sponges in water (B). Comparison of water-repellent
properties under water flux: the porous coated sponge exhibits complete water repellency, whereas water readily passes through the pure sponge
(C) and (D).
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However, the overall curve shape remains nearly unchanged,
suggesting no significant loss of elasticity. These results confirm
that the modified sponge exhibits sufficient mechanical flexibility
and structural resilience, maintaining its three-dimensional
framework even after repeated compression.

Taken together, the morphological, structural, and mechan-
ical results confirm that the POSS-MS possesses high structural
stability and durability. The strong bonding between the mel-
amine sponge and the POSS framework ensures good recycl-
ability and suitability for practical applications such as
contaminant removal and oil cleanup, even under harsh envir-
onmental conditions.

3.2. Sorption kinetics

Experimental data were collected at various time intervals
to examine the rate-controlling processes, using four different
kinetic models: pseudo-first-order, pseudo-second-order, Avrami
fractional, and intraparticle diffusion models. As shown in Fig. 6A
and B, the adsorbed amount of PVC and PS MPs approximately
increased rapidly in the first 30 min and then gradually reached
equilibrium after 45 min. This rapid increase can be attributed
to the mass transfer driving force created by the initial concen-
tration gradient between the sponge and water, coupled with the

abundant adsorption sites on the MS surface. Based on the results
mentioned above, a contact time of 45 min was selected for the
MP removal experiments. Fig. 6(C) and (D) compares the equili-
brium experimental and theoretical adsorption capacity values of
each MP, demonstrating that, for both PS and PVC, the pseudo-
second order kinetic model offers a reasonably good fit of the
experimental data. Fig. S5 and S6 display the results of the
adsorption kinetic models of MPs, while Table 1 and Table S3
provide the detailed kinetic parameters together with the corres-
ponding correlation coefficient R2, RMSE, and w2 values for each
kinetic model. For the pseudo-first-order model, the poor fitting
of the model can be attributed to its inherent assumption that the
adsorption rate depends solely on the number of unoccupied
sites. In the present system, the adsorption rate is influenced not
only by available sites but also by physicochemical interactions
between the MPs and the POSS-MS. The correlation coefficients
are fairly low lying between 0.83 and 0.91. As presented in
Table S3, the calculated kinetic parameters indicate that among
the three examined models, the pseudo-second-order model pro-
vides the best overall agreement with the experimental data, as
evidenced by its highest correlation coefficient (R2

Z 0.96), lowest
w2 and RMSE values. These results confirm a strong consistency
between the experimental data and the pseudo-second-order

Fig. 6 Sorption capacity of PVC (A) and PS (B) MPs on POSS-MS; comparison of experimental and theoretical adsorption capacities of PVC (C) and
PS (D) MPs.
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kinetic model. The results from the pseudo-second-order model
indicate that the adsorption process is mainly governed by chemi-
sorption involving surface interactions between the hydrophobic
POSS-MS and the PS/PVC MPs. This model highlights that the
adsorption process is influenced by both time and binding site
availability of the modified sponge.46,47 As expected, the Avrami
kinetic model exhibited R2 values of 0.74 and 0.91 for PVC and PS,
respectively. These data can be attributed to the fact that this
model is primarily developed for phase transformation.48

The adsorption process of PS MPs onto the POSS-sponge can
be described using the Weber–Morris IPD model, which revealed
that the PS adsorption process occurs in three distinct stages
(Fig. S6-D); however, the intercept position indicates that the adsorp-
tion process is controlled by multiple mechanisms.49 The adsorption
rate constants follow the order ki1 (29.41 mg g�1 min�1/2) 4 ki2

(20.18 mg g�1 min�1/2) 4 ki3 (3.8 mg g�1 min�1/2), revealing a
gradual rate decrease over time. The initial sharp region (ki1)
lasting for about 15 min is attributed to the rapid migration of
PS MPs from the solution to the sponge surface through bound-
ary layer diffusion and surface adsorption. During the second
phase (B15–45 min), the adsorption rate decreases, indicating
that the process is governed by pore diffusion, as PS migrates
into the interior adsorption sites of the adsorbent. The gradual
stage continues until most of the internal pores become
occupied.50,51 In the final stage, the adsorption rate further
declines and eventually reaches equilibrium, primarily due to
the limited active site availability and the reduced PS concen-
tration in the solution.

3.3. Sorption isotherm

As shown in Fig. S7 and S8, adsorption isotherms were fitted to
obtain a mechanistic understanding of the adsorption pro-
cesses for MPs. The equilibrium adsorption concentration of
MPs increases with the initial concentration, indicating a non-
uniform distribution of adsorption sites on the adsorbent
surface, which is characteristic of multilayer adsorption. As
shown in Table 2, after fitting the Freundlich isotherm model,
the R2 values obtained for the MP adsorption were 0.9600,
suggesting the presence of a heterogeneous surface, while other
models such as Temkin and Sips exhibited R2 o 0.91 and were
therefore not considered. In the Freundlich isotherm model,

the nF value reflects the heterogeneity of the POSS-MS surface.
In this study, the nF values were 1.05 and 2.18 for PS and PVC
MPs, respectively, demonstrating that the adsorption process
is favorable.52 This model is nonlinear and reflects surface
heterogeneity, where both physical and chemical adsorption
contribute to the adsorption of MPs.53 The assumption of
multilayer adsorption on heterogeneous surfaces with varied
energy distribution contrasts with the Langmuir model’s con-
cept of monolayer adsorption, highlighting the complexity of
interactions during the sorption process. As the kF value
increases, the removal efficiency generally improves, reflecting
a stronger affinity of MPs for the POSS-MS surface. In the
Freundlich model, kF represents the adsorption affinity coeffi-
cient and indicates how strongly the adsorbent interacts with
the adsorbate.54 A comparison of the data shows that kF,PVC 4
kF,PS, suggesting that the POSS-MS has the highest affinity
toward PVC MPs, followed by PS. Additionally, as shown in
Fig. 7, the Freundlich isotherm model provides a better predic-
tion of the adsorption capacities, with the calculated values
being very close to the experimental results for both PVC and
PS MPs.

3.4. Salinity effect

Given the high prevalence of various ions in natural aquatic
environments such as rivers, lakes, and oceans, it is essential to
investigate their impact on the removal efficiency of MPs.
Specifically, the ionic strength and presence of common salts
such as NaCl, KCl, and CaCl2, which are possible coexisting
species, were systematically evaluated in this study. To this end,
three concentration ranges of calcium, sodium, and potassium
salts were employed to assess their influence on the adsorption
efficiency of the introduced adsorbent, thereby providing
insights into the role of ionic composition on MP adsorption
in natural water systems. Fig. 8(A) and (B) shows the effect of
NaCl, CaCl2 and KCl on the MP removal. As illustrated, the
MPs’ removal efficiency increased with rising concentrations of
calcium ions, whereas the variations in potassium and sodium
ion concentrations had no significant effect on the removal
rate. The presence of divalent Ca2+ cations in the solution exerts
a bridging effect between the negatively charged surfaces
of MPs and the adsorbent, thereby facilitating sorption and

Table 1 Kinetic parameters for the MP adsorption by the POSS-MS

MPs

Pseudo-first-order Pseudo-second-order Avrami fractional-order Weber–Morris intra-particle diffusion

k1 (min�1) qe (mg g�1) R2 k2 [g (mg min)�1] qe (mg g�1) R2 kA [min�1] n R2 kid (mg g�1 min�1/2) C R2

PVC 0.070 165.181 0.91 3 � 10�4 181.81 0.98 0.0833 0.709 0.74 13.6 39.14 0.86
PS 0.066 170.21 0.83 2 � 10�4 169.49 0.96 0.0423 1.33 0.91 17.29 18.89 0.96

Table 2 Adsorption isotherm (Langmuir, Freundlich, Temkin, and Sips) constants for the MP adsorption

MPs

Langmuir Freundlich Temkin Sips

qmax kL (L mg�1) R2 kf (L kg�1) n R2 b1 kt R2 S bs R2

PVC 250 0.001 0.87 14.96 2.18 0.96 41.37 0.27 0.85 1.28 0.37 0.63
PS 1428.57 0.0007 0.13 1.18 1.05 0.96 75.32 0.04 0.91 0.51 0.01 0.86
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enhancing the removal efficiency of MPs.55 In contrast, mono-
valent cations such as Na+ and K+ exhibit negligible influence
on the adsorption capacity. Consistent with these findings, the
current study observed that calcium ions markedly enhanced
the removal efficiency of MPs by increasing adsorption rates,

whereas sodium and potassium ions had an insignificant
effect. This enhancement is attributed to the ability of bivalent
calcium to act as an electrostatic bridge, overcoming the
mutual repulsion between the negatively charged adsorbent
and MP surfaces.

Fig. 7 Comparison of experimental and theoretical equilibrium data of PVC (A) and PS (B) MPs fitted by isotherm models.

Fig. 8 Effect of salinity on sorption of MPs by POSS-MS: PVC MPs (A) and PS MPs (B), effect of solution pH (C), and adsorption–desorption performance
over nine cycles (D).
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3.5. pH effect

As shown in Fig. 8C, the adsorption efficiency of MPs onto the
POSS-MS varies with pH due to changes in zeta potential,
decreasing from 94.4% and 77.12% at pH 3 to 68.7% and
46.67% at pH 11 for PVC and PS MPs, respectively. At pH 3,
PS and PVC MPs exhibit positive surface charges (8 and 14 mV,
respectively), while the POSS-MS carries a weakly negative
charge (�4.6 mV), as shown in Table 3, which reduces electro-
static repulsion and promotes strong adsorption. However, as
the pH increases, both the MPs and the POSS-MS become
negatively charged as indicated by their increasingly negative
zeta potentials at pH 7 and pH 11 (�3.6 to �4.8 mV for PS MPs,
�8.5 to �48.1 mV for PVC MPs, and �1.1 to �8 mV for the
POSS-MS) leading to enhanced electrostatic repulsion and a
significant decrease in removal efficiency. According to Table 3,
this clear shift toward more negative surface charges with
increasing pH explains the observed reduction in the amount
of adsorbed MPs under alkaline conditions. Notably, the POSS-
MS demonstrated exceptional adsorption capacity for PS and
PVC MPs across a wide pH range, highlighting its versatility as
an effective removal platform.

3.6 MP removal mechanism

The removal of MPs by adsorbent materials is governed by the
interplay of physical and chemical interactions, influenced not
only by the inherent properties of the MPs and the charac-
teristics of the adsorbent but also by extrinsic environmental
and biological conditions. Together, these factors determine
the adsorption affinity, mechanisms, and overall efficiency of
MP removal from aqueous systems.

Specifically, the removal of MPs by modified sponge involves
several mechanisms. Capillary action, arising from the abun-
dant three-dimensional porous structure of the sponge, effec-
tively attracts and retains MP particles suspended in water.
Physical adsorption of hydrophobic MPs is further facilitated by
the highly hydrophobic surfaces of the POSS-MS, in which
hydrophobic interactions play a central role in the rapid
migration and accumulation of MPs at the adsorbent interface.
The availability and distribution of sorption sites on the sponge
surface are critical in dictating the initial fast uptake, as MPs
migrate toward the POSS-MS from the aqueous phase. For PS,
p–p interactions, non-covalent attractions between the aro-
matic rings of the polymer and the p-system of the double
bond present on the POSS-MS, significantly enhance adsorp-
tion efficiency. Halogen bonding may also play a role in PVC
MPs, where interactions occur between Cl atoms and the
p-electrons of the adsorbent double bond. The slightly positive

surface charge of MPs under acidic conditions promotes elec-
trostatic attraction toward negatively charged POSS-MS, enhan-
cing the adsorption efficiency. The combined effect of these
mechanisms, including capillary action, hydrophobic inter-
actions, p–p interactions, and halogen bonding, makes this
highly hydrophobic sponge a favorable platform for the
removal of diverse MPs from water. The removal of MPs by
POSS-MS is illustrated in Fig. S9, showing the suspensions of PS
and PVC MPs before and after removal.

During the desorption process, the weak and reversible non-
covalent interactions responsible for MPs’ adsorption such as
hydrophobic interactions, van der Waals forces, and p–p stack-
ing can be easily disrupted through simple mechanical squeez-
ing and rinsing with ethanol or water. The efficient release of
MPs confirms that the adsorption mechanism is predomi-
nantly dominated by a physical process.

3.7 Evaluation of MPs removal by POSS-MS in river and sea
water

The compatibility of the developed method for analyzing MPs
in real water matrices was assessed using river and sea water as
representative of environmental samples. Both water matrices
were spiked with MPs at a concentration of 400 mg L�1, and the
observed removal efficiencies were comparable to those
obtained using Milli-Q water, indicating negligible matrix
effects. Prior to experimentation, the water samples were fil-
tered through a 0.45 mm membrane to remove suspended
solids and subsequently characterized for water quality. Com-
parative studies revealed that all quantified MPs originated
solely from the spiked real water samples. At pH 3, identified
as the optimal condition for MP removal in Milli-Q water,
the removal efficiency in seawater reached B94%, while at
the normal pH, the efficiency was around 88%. Similarly, the
removal efficiency in river water at pH 3 was 89%. Notably, the
prepared POSS-MS exhibited high efficiency in removing MPs
from seawater containing multiple high-concentration ions.
These findings suggest that the modified sponge exhibits
excellent potential for practical applications in MP removal
and water treatment.

3.8 Oil sorption properties of the POSS-MS

The oil sorption performance of the modified sponge high-
lights the critical influence of surface chemistry, porosity, and
physicochemical interactions on the target liquids. Experi-
mental results involving both floating and submerged oils
demonstrate that the highly hydrophobic nature of the POSS-
MS enables selective sorption of oils and organic liquids with
higher and lower densities than water, such as carbon tetra-
chloride (CCl4) and toluene, as shown in Fig. 9(C) and (D). This
selective sorption, without any water uptake, is attributed to the
sponge’s three-dimensional porous structure and the capillary-
driven mechanism facilitating oil uptake from both above and
below the water surface. The sorption capacity of the modified
sponge exhibited significant variation depending on the type of
oils and organic solvents, which were selected as model absor-
bates based on their density. As shown in Fig. 9A, the capacity

Table 3 Zeta potential of MPs and POSS-MS at different pH levels

Sample

Zeta potential

pH 3 pH 7 pH 11

PS MPs 8 mV �3.6 mV �4.8 mV
PVC MPs 14 mV �8.5 mV �48.1 mV
Adsorbent �4.6 mV �1.1 mV �8 mV
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ranged from 27 to 89 g g�1 and followed the increasing order: n-
hexane o n-dodecane o kerosene o toluene o CCl4 o
cooking oil. This trend reflects the combined effects of the
liquids’ density and viscosity on the sponge’s absorption behavior.
Although cooking oil has a lower density (0.91 g cm�3) than carbon
tetrachloride (CCl4, 1.59 g cm�3), it exhibited a higher adsorption
capacity, indicating that factors beyond density influence the
absorption performance. This deviation from the expected den-
sity–capacity relationship is attributed to the swelling behavior of
the sponge upon exposure to cooking oil. The interaction between

the sponge matrix and the viscous oil likely induces volumetric
expansion, thereby increasing the effective void volume available
for absorption and enhancing the overall capacity.56 A similar
phenomenon has been reported for other porous sponges such as
graphene oxide and reduced graphene oxide coated polyurethanes,
which absorbed more tetrahydrofuran (THF) than dimethyl sulf-
oxide (DMSO), even though THF has a lower density.57 The POSS-
MS demonstrates comparable or enhanced oil and organic solvent
absorption and MP adsorption relative to various previously
reported porous sorbents, as summarized in Table 4.

Fig. 9 Maximum absorption capacities of the POSS-MS for various organic liquids (A) and absorption recyclability of the sponge for model organic
liquids (n-hexane and carbon tetrachloride) over 12 absorption–squeeze cycles (B). Optical photographs demonstrating carbon tetrachloride absorption
under water (C) and n-hexane absorption on the water surface using the POSS-MS sponge (D) (oil and organic solvent phase colored with red dye).
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3.9 Reusability

Reusability is a critical parameter for evaluating the practical
applicability and cost-effectiveness of adsorbents in large-scale
oil–water separation and MP removal processes. To assess this,

a series of cyclic sorption/desorption experiments were con-
ducted on modified sponges. The POSS-MS maintained B80%
MP removal efficiency over the first five cycles and B68% after
eight cycles, indicating good reusability and environmental

Table 4 Comparison of superhydrophobic sponge-based materials for oil absorption and MP removala

Adsorbent Adsorption/absorption conditions Pollution

Maximum MP removal
efficiency and
saturated oil
absorption capacity Ref.

Oat protein sponge pH range = 6–9 with an initial microplastic
concentration of 1 mg L�1. Time = 1, 2, 4, 6, 8, 11,
and 24 h.

PS MPs 81.2% 10

Chitin-GO sponge pH = 6–8. MP concentration of 1 mg L�1. Time = 1,
2, 3, 5, 7, 9, 12, and 24 h.

PS MPs 89.8% 58

GO/chitosan/genipin
sponge

pH range = 5.5–10.0. MP concentration of 1 mg L�1.
Time = 0.5, 1, 2, 4, 8, 12, 36, and 48 h.

PS MPs 41.5% 59

Magnetic sponge carbon pH = 3–11. MP concentration of 200 mg L�1.
Time = 5, 1, 3, 5, 10, 15, and 20 min

PS MPs 0.369 g g�1 60

Sodium alginate sponge pH = 3, 7, 10. MP concentration of 100 mg L�1.
Time = 2.5–35 h.

PS MPs 92.3% 61

Chitin based sponge MP concentration of 1 mg L�1. Time = 14 d. PP MPs 71.6–92.1% 62
Superhydrophobic
sponge derived
from the loofah plant

pH = 6. Concentration of MPs 500 mg L�1.
Time = 30 min.

PS MPs Z99% 63

Chitin-PANI sponge pH = 4–10. MP concentration of 1 mg L�1.
Time = 1, 2, 3, 5, 7, 9, 11, 13, and 24 h.

PS MPs 84–91.7% 64

Starch–gelatin sponge pH range = 2–11. 40 mL of the MP concentration of
25 mg L�1. Time = 1, 3, 6, 11, 17, 22, and 24 h

PMMA and PS MPs 40–70% 65

POSS-MS pH = 3–11. MP concentration of 400 mg L�1. Time =
5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, and 60 min.

PS and PVC MPs 82–94% This
study

MS-PFOTES Saturated sorption–squeezing process repeated up
to 15 cycles.

Model oil and
solvent pollutants

39.3–117.5 g g�1 66

AOS@MMT-PU Each test oil was added dropwise. Absorption time:
a few seconds.

Oils and non-polar
organic solvents

29.5–66.5 g g�1 67

MS-METES 30 mL of the test oils and organic solvents. Time: 1
min.

Petroleum products, oils,
and organic solvents

49.6–122.4 g g�1 68

CNT reinforced P
sponge

Absorbed the oil within five seconds. n-Hexane 34.9 g g�1 69

Chitosan sponge Immersed in the test oil or solvent at room
temperature.

Chloroform 60 g g�1 70

MS-PTES Saturated sorption–squeezing process repeated up
to 15 cycles.

Petroleum products,
oils, and organic solvents

47.6–132.2 g g�1 71

ND-ODA@PDMS@MS The sponge was saturated with organic liquids or
oils from oil/water mixtures.

Oils and non-polar
organic solvents

26.65–55.64 g g�1 72

THS@MS Equal drops of each test oil were placed in 50 mL of
deionized water.

Oils and non-polar
organic solvents

62.03–71.33 g g�1 73

MS-HNT/HDTMS 30 mL of the test oils and organic solvents. Time:
10 min.

Petroleum products, oils,
and organic solvents

31.0–90.4 g g�1 74

MS-ZIF-67 Saturated sorption–squeezing process Chloroform 177 g g�1 for 75
UFC foam Foam immersed in organic liquid for 1 min Organic solvents and oils 71–158 76
MIL-DDT@MS Immersed in 10 mL of the test oils and organic

solvents until it is fully saturated.
Oil or organic solvents 54.1–120.2 g g�1 77

Sn-PBZs Oil-absorbing bag consisting of a nylon sheath with
SnPBZ filler.

Diesel as crude oil 10.08 g g�1 78

OV-POSS@MS Submerged in different solvents and fully
absorbed.

Organic solvents 41–80 g g�1 79

F-POSS-SH@MS Immersed in organic solvents or oils for 5 min. Oils and organic solvents 45 to 94.5 g g�1 80
Ph-POSS@HKUST-1@
PDA@sponge

Saturated sorption–squeezing process Oils and organic solvents 18.8–48.3 g g�1 81

O-Ph-POSS-FG@sponge Saturated sorption–squeezing process Oils and organic solvents 15–55 g g�1 82
POSS-MS 10 mL of the target. Absorption time: immersion

for 1 min.
Oils and non-polar
organic solvents

27 to 89 g g�1 This
study

a Abbreviations: GO, graphene oxide; PANI, polyaniline; PDA, polydopamine; SA, stearic acid; PU, polyurethane; CNTs, carbon nanotubes; NDs,
nanodiamonds; ODA, octadecylamine; PDMS, polydimethylsiloxane; THS, trimethoxy silane; PFOTES, perfluorooctyl triethoxysilane; PTES,
phenyltriethoxysilane; HNT, halloysite nanotube; METES, methyltriethoxysilane; OTES, octyltriethoxysilane; UFC, ultralight, fire-resistant, and
compressible; DDT, dodecanethiol; M-PBZs, metal-polybenzoxazine micro-nano-spheres; OV, octavinyl; and FG, fluorinated graphene.
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friendliness (Fig. 8D). These results demonstrate good reusa-
bility and environmental compatibility with only minor
declines in adsorption efficiency observed across eight cycles,
underscoring its potential for durable MP removal in water
treatment.

The reusability performance of the modified sponge for oil
absorption was systematically evaluated through 12 sorption/
squeezing cycles using n-hexane and carbon tetrachloride as
model organic solvents (Fig. 9B). The results demonstrate a
consistent and stable absorption behavior across cycles for
both solvents, highlighting the material’s structural robustness
and efficient regeneration capacity. For n-hexane, the sorption
capacity ranged from approximately 26 to 30 g g�1 over the ten
cycles, with only minor fluctuations and no significant decline.
This indicates that the sponge retained its structural integrity
and surface properties over repeated use, suggesting strong
mechanical durability and solvent compatibility. In the case of
carbon tetrachloride, the sponge exhibited higher absorption
capacities, between B63 and 73 g g�1, reflecting the influence
of CCl4’s higher density and stronger van der Waals interac-
tions with the hydrophobic sponge matrix. Although some
variability is observed in the CCl4 absorption values (particu-
larly in cycles 2–5), the overall trend remained stable in the
latter cycles, suggesting that after initial equilibration or struc-
tural adaptation, the sponge maintained its absorption effi-
ciency. These findings confirm the acceptable reusability of the
modified sponge for both low- and high-density organic sol-
vents, making it a promising candidate for practical applica-
tions in oil spill remediation and organic solvent recovery.

4. Conclusion

This study demonstrates the successful development of a
highly hydrophobic POSS-functionalized melamine sponge cap-
able of efficiently removing both MPs and hydrophobic organic
pollutants from water. The POSS-MS efficiently removed MPs
through physical and chemical mechanisms, including capil-
lary action, hydrophobic interactions, p–p stacking, and halo-
gen bonding. The POSS-MS exhibits high adsorption capacities,
rapid kinetics, reaching equilibrium within 45 minutes, and
robust performance across a wide range of environmental
conditions, including variations in pH and salinity. The MP
adsorption is best described by the pseudo-second-order
kinetic model, indicating a predominant chemisorption pro-
cess. Isotherm analysis showed multilayer adsorption on a
heterogeneous surface, with Freundlich model fitting and a
higher affinity toward PVC over PS. The removal efficiency was
significantly enhanced by the presence of calcium ions due to
electrostatic bridging, whereas sodium and potassium ions had
minimal effect. Although adsorption decreased with increasing
pH, the sponge maintained high performance across a broad
pH range. Its reusability was confirmed through multiple
sorption/desorption cycles, underscoring its potential for prac-
tical and sustainable water treatment applications. The find-
ings highlight the promise of POSS-based surface modification

as an environmentally friendly approach to fabricating efficient
adsorbents for large-scale remediation of aquatic pollutants.
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74 O. Duman, C. Cengiz, C. Ö. Diker, U. Cengiz, S. M. Güres-ir
and S. Tunc, Effect of alkoxysilane chain length on the
surface, stability, sorption and oil–water separation proper-
ties of novel superhydrophobic porous sorbent materials
produced using innovative drainage technique in scCO2

atmosphere, Sep. Purif. Technol., 2024, 345, 127354.
75 Y. Zhang, N. Zhang, S. Zhou, X. Lv, C. Yang, W. Chen and

W. Jiang, Facile preparation of ZIF-67 coated melamine
sponge for efficient oil/water separation, Ind. Eng. Chem.
Res., 2019, 58, 17380–17388.

76 Y. Yang, Y. Deng, Z. Tong and C. Wang, Multifunctional foams
derived from poly (melamine formaldehyde) as recyclable oil
absorbents, J. Mater. Chem. A, 2014, 2, 9994–9999.

77 X. Dong, M. Cui, R. Huang, R. Su, W. Qi and Z. He,
Polydopamine-assisted surface coating of MIL-53 and dode-
canethiol on a melamine sponge for oil–water separation,
Langmuir, 2020, 36, 1212–1220.

78 X. Han, J. Hu, K. Chen, P. Wang, G. Zhang, J. Gu and F. Cao,
Self-assembly and epitaxial growth of multifunctional
micro-nano-spheres for effective separation of water-in-oil
emulsions with ultra-high flux, Chem. Eng. J., 2018, 352,
530–538.

79 J. Chen, X. Zhang, L. Zhang, X. Jiang, F. Xiao, J. Hu and
J. Ding, Directional self-assembly of octavinyl polyhedral
oligomeric silsesquioxane on the surface of melamine
sponge: establishing hydrophobic surfaces to improve oil–
water separation performance, J. Mol. Liq., 2024, 404,
124941.

80 M. Li, Y. Fang, C. Liu, M. Zhou, X. Miao, Y. Pei and L. Wu,
Facile generation of highly durable thiol-functionalized
polyhedral oligomeric silsesquioxane based superhydro-
phobic melamine foam, Front. Chem. Sci. Eng., 2022, 16,
1247–1258.

81 K. Dharmaraj, M. S. Kumar, N. Palanisami, M. Prakash,
P. Loganathan and S. Shanmugan, Eco-friendly porous
composite of octaphenyl polyhedral oligomeric silsesquiox-
ane and HKUST-1 with hydrophobic–oleophilic properties
towards sorption of oils and organic solvents, Dalton Trans.,
2024, 53, 13602–13616.

82 P. Loganathan, R. Yogapriya, A. Chinnusamy, K. K. R. Datta
and S. Shanmugan, In situ growth of octa-phenyl polyhedral
oligomeric silsesquioxane nanocages over fluorinated
graphene nanosheets: super-wetting coatings for oil and
organic sorption, Dalton Trans., 2025, 54, 1150–1163.

Paper NJC




