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Abstract

The increasing use of fluorinated polyhedral oligomeric silsesquioxane (POSS) coupling agents in
hydrophobic absorbent coatings has raised serious environmental concerns due to their persistence and
toxicity. In this study, we report the synthesis of Fluorine-Free Octaphenyl POSS (F-FOPP) through
hydrolysis and condensation reactions of phenyltrichlorosilane. The as-prepared nanohybrid was applied
to polyurethane foam (PUF) using a facile, “one-pot” dip-coating method. "H-NMR, "3C-NMR and 2°Si-
NMR spectroscopic techniques confirmed the structure of the nanohybrid. F-FOPP demonstrated good
thermal stability with pronounced decomposition at 450°C and char yields reaching 42%. Cytotoxicity
evaluation revealed a non-toxic F-FOPP. Properties of the modified foam was analyzed using SEM, AFM,
WCA measurement and UTM. The F-FOPP formulation at a concentration of 0.5 wt%, when applied to
PUF imparted hydrophobicity with WCA exceeding 100° and enabled moderate oil/water separation in
multiple cycles while maintaining good mechanical durability profile. This optimizable, fluorine-free
approach enables the development of sustainable, absorbent coatings with hydrophobic and separation
properties.

1 Introduction

Oil pollution is one of the global environmental challenges threatening ecosystems and human well-
being as a result of environmental degradation caused by oil exploration, accidental spills, industrial
operations, and the discharge of oily wastewater from petrochemical, textile, and food industries [1-3].
The presence of oil in aquatic environments can adversely affect water quality, aquatic organisms, and
human health. Consequently, several clean-up strategies have been developed for the removal of oil from
contaminated water. However, many conventional approaches are associated with high operational
costs, complex processing requirements, and the potential generation of secondary pollutants [4,5].
Among the available remediation technologies, the use of highly porous oil absorbent materials has
attracted considerable attention because of their simplicity, rapid response, ease of operation, and
potential for oil recovery and reuse. In this regard, polymeric foams have been extensively investigated
for oil/water separation and oil spill remediation because their interconnected porous structures provide
abundant spaces for oil uptake and retention.

Superhydrophobic foams, characterized by a water contact angle greater than 150°, have received
particular attention because their low surface energy and hierarchical surface structures can facilitate
water repellency and selective oil uptake. Such foams have therefore been explored for applications in
oil spill clean-up, oil/water separation, wastewater treatment, and related environmental remediation
processes [6—11]. However, most superhydrophobic foams have been fabricated using fluorinated
compounds and coatings. Although fluorinated materials can provide low surface energy, their
widespread application has raised significant environmental persistence, bio-accumulation and toxicity
concerns [12-14]. For example, per- and polyfluoroalkyl substances (PFAS) are highly persistent and
resistant to environmental and biological degradation. Their persistence, mobility, and potential for
bioaccumulation have generated considerable concern regarding their long-term environmental impact
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and possible adverse effects on human health [15-17]. These limitations have therefore stimulated
increasing research interest in the development of fluorine-free (F-F) coatings which may serve as
alternative to harzadous fluorinated compounds.

A number of F-F superhydrophobic treatments have recently been reported [18]. For example, Mukherjee
et al. developed a sustainable three-dimensional superhydrophobic and superoleophilic polyurethane
foam coated with rice husk-derived silica and reduced graphene oxide, which exhibited a water contact
angle of 164°, excellent mechanical and chemical stability and oil/water separation efficiencies
exceeding 98% [19]. Most recently, Dharmaraj et al. developed a fluorine-free, highly durable Ph-POSS-
ZIF-8 sponge and demonstrating its potential as an environmentally friendly alternative to fluorinated
materials for oil/water separation applications [20]. In another work, Dharmaraj et al. developed eco-
friendly porous composite of octaphenyl POSS and HKUST-1 with hydrophobic/oleophilic properties for
oil and organic solvent sorption [21,22]. Till date, there has not been any report that take advantage of
independently synthesized pure octaphenyl POSS directly coated on PU foam for oil/water separation,
without graphene, metal organic framework, zeolite imidazolate framework or another secondary
nanomaterial. Our research group has previously adopted POSS incorporated expanded polystyrene
waste as nanofibrous membranes coated on hollow ceramics for both oil/water separation and eventual
water purification [23]. The success of this approach is attributed to the incorporation of POSS, which
enables effective modulation of surface properties, thereby enabling the oil/water separation
performance.

In this study, we have hydrolytically condensed phenyltrichlorosilane to obtain F-FOPP in a facile
chemistry approach. F-FOPP coated foam has hydrophobic surface capable of separating diesel oil-
contaminated water in up to five absorption cycles. On the overall evaluation, F-FOPP demonstrated
good thermal and mechanical stability and may serve as alternative to fluorinated silsesquioxane
coupling agents.

2 Materials and methods
2.1 Materials

Pure and high grade phenyltrichlorosilane was procured from Sigma-Aldrich. KOH, toluene and all other
commercially available reagents and solvents were used without further purification. Diesel oil was
purchased from a local fuel station in Abeokuta. Pristine polyurethane foam was pre-cleaned by
ultrasonication in ethanol for 30 min, followed by multiple rinses with distilled water, and subsequently
dried in an oven at 80°C for further use.

2.2 Characterization

TH, 13C and 2°Si NMR spectroscopic data were obtained at ambient temperature using Bruker Avance IlI

HD 300 spectrometer (operating at 500 MHz for 'H, 125 MHz for '3C and 59.63 MHz for 2°Si). According
to the residual solvent resonance of CDCl; (1H, 8 7.24; 13C, 6 77.0) C¢D¢ (1 H, d 7.15), chemical shifts
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are reported in values. The surface morphology of the synthesized silsesquioxane and modified PUF
were observed by a SEM (Quanta 200 F, HV 15.0 kV). The microstructural property of the modified PUF
was performed in bright-field mode using a TEM (JEOL JEM-2100, operating at 120 kV). The WCA of the
modified PUF was measured at 3 different positions on the foam surface, where an OCA 15 Plus
apparatus (DataPhysics Instruments, Filderstadt, Germany) outfitted with a high-resolution camera and
an automatic liquid dispenser was used to measure the dynamic and static contact angles. Tensile
property of the modified PUF was evaluated using an Instron 4486 UTM, with test conducted at ambient
temperature and a crosshead speed of 5 mm min-". In addition, thermal stability test was conducted
using a TGA (Mettler-Toledo with a heating rate of 10°C/min).

2.3 Synthesis of F-FOPP

The synthesis of octaphenyl POSS was carried out as shown in Scheme 1(i), where potassium hydroxide
(0.3 g) was dispersed in 40 mL of toluene in a dried 100 mL round-bottom flask under a nitrogen
atmosphere. Phenyltriethoxysilane (3.6 mL) was then added to the reaction mixture, which was refluxed
at 105°C for 12 h. Subsequently, 0.5 mL of water was introduced at 3 h intervals, repeated three times
[21]. The resulting white precipitate was collected by filtration, washed 7 times with deionized water and

methanol, and dried at 80°C for 6 h to obtain F-FOPP (Yield = 79%). "H NMR (500 MHz, CDCls): 6 (ppm) =

7.70-7.42 (m, 40H). '3C NMR (125 MHz, CDCls): 6 (ppm) = 134 - 128. 2°Si NMR (59.63 MHz, CDCl,):
(ppm) = - 67.4.

2.4 Fabrication of F-FOPP Coated PUF

The fabrication process was carried as described by [24]. F-FOPP solution was prepared by adding F-
FOPP (0.2 g) to ethanol (50 mL) and thoroughly mixed to ensure uniform dispersion. Cleaned PUF (2 x 2
x 2 cm) was immersed in the solution at 25°C with constant stirring for 30 min to achieve complete
wetting. After immersion, the PUF was carefully removed with tweezers, squeezed, and then dried at
80°C for 1 h to obtain F-FOPP coated PUF as shown in Scheme 1(ii). The degree of surface
functionalization was quantified by the weight gain ratio (WGR), calculated according to Eq. 2:

Wafter — Whbefore
WGR = Whefore x 100\ % (Eq. 2)

where Wafter and Wbefore represent the weight of the PUF after and before treatment, respectively. For
PUF treated with 0.5 wt.% F-FOP, the WGR was determined to be 6.2%, indicating that the coating
constituted approximately 6% of the modified PUF’s total weight.

2.5 Thermal Stability of F-FOPP

Thermal stability testing was carried out by placing a small F-FOPP sample on a highly sensitive balance
within a furnace, and its mass was continuously recorded as the temperature is ramped according to a
programmed profile. Sample was heated from 30°C to 800°C at a constant heating rate of 10°C min-~’
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under a nitrogen atmosphere with a purge flow of 50 mL min-' [25]. The percentage weight loss was
calculated according to Eq. 1:
Wo — Wt

Weight Loss (\%) = ye ¢ 100 (Eq. 1)

where: Wo and Wt represent Initial weight and Weight at temperature (t), respectively.

2.6 In-Vitro Cytotoxicity Evaluation of F-FOPP

Cytotoxicity of F-FOPP was determined in-vitro by the incubation of mouse neuroblastoma (N2a) with or
without 1.0 mM F-FOPP for 48 h using MTT assay [26]. The conversion of tetrazolium salt (MTT) to a
coloured formazan by mitochondria and dehydogenases is a marker of cell viability, which was
determined. Detection of apoptotic and necrotic cells was also performed through propidium iodide
staining. As cells can be determined by their DNA contents, cells were incubated with propidium iodide
fluorescent dye that binds to DNA. This was followed by the analysis of the fluorescent intensity with
Becton Dickinson LSR Il flow cytometer. Subsequently, cell population histogram for N2a cell when
treated with 1.0 mM F-FOPP and untreated (control) were determined.

2.7 Mechanical Stability of F-FOPP Coated PUF

The tensile strength testing of F-FOPP coated PUF was evaluated following standard procedure [27].
Before testing, the PUF was trimmed into rectangular strips (30 mm x 5 mm) and conditioned at room
temperature for 10 h to minimize variability due to moisture or thermal effects. The conditioned PUF was
then mounted in the upper and lower grips of the tensile tester and gauge length set to 20 mm. Tensile
load was applied until the point of fracture and the resulting stress-strain data was recorded. Tensile
stress ( o, MPa) was calculated according to Eq. 3:

o =— (Eq. 3)

where F and A represent Applied force (N) and Cross-sectional area (mm?), respectively. Strain (€, %)
was calculated according to Eq. 4:

L=Lo 100 (Eq.4)
Lo

(@)
I

where: Lo and L represent Original gauge length and Extended length, respectively.

2.8 Oil Absorption Capacity of F-FOPP Coated PUF

Oil absorption capacity of F-FOPP coated PUF was determined following established sorption testing

procedures [28]. Prior to testing, the foam was dried and weighed to obtain the initial dry mass.

Thereafter, the PUF was immersed into an oil/water mixture (1:1 v/v) and swirled to ensure complete

wetting. Upon reaching saturation, the PUF was removed and allowed to drain for 30 s. The oil-saturated

PUF was weighed to obtain the wet mass. After weighing, the saturated foam was manually squeezed
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with consistent pressure, weighed and reused for the next absorption cycle. The oil absorption capacity
was calculated according to Eq. 5:
_ W1-Wo

Oil absorption capacity (Q) = W (Eq. 5)

where: W, and W; represent mass before immersion and mass after oil saturation respectively.

4 Results and discussion
4.1 Structural Characterization of F-FOPP

The synthesized F-FOPP was characterized adequately using spectroscopic techniques such as "H-NMR,
13C-NMR, 2°Si-NMR. The spectra found in Fig. 1 largely confirmed the successful synthesis and
structural integrity. Apart from the "TH-NMR and "3C-NMR signals which strongly supported successful

incorporation of phenyl ring into POSS framework, 2°Si-NMR spectra exhibited single peak signal at -67.4
ppm which is an indication that the nanohybrid not only have one structural conformation of silicon atom
but also have uniform structure with high purity. Similar results have previously been reported [29-31].
Furthermore, these chemical shift values agree with the expected region for an aromatic-substituted
cubic POSS at -65 to -70 ppm, supporting Tg cage structural scaffold.

4.2 Evaluation of Thermal Stability of F-FOPP

TGA curve (Fig. 2) of F-FOPP demonstrated good thermal stability, with negligible weight loss observable
below 200°C. However, significant thermal degradation commenced above 200°C, followed by
pronounced decomposition between 250°C and 400°C, which can be attributed to the degradation of the
organic moieties of the POSS structure. At temperatures above 500°C, the mass stabilized at 40%,
suggesting the formation of a thermally stable siloxane (Si-O-Si) network as shown in Table 1. These
results confirm that F-FOPP possesses adequate thermal stability for applications involving
temperatures below 200°C [32].

Table 1

Thermal Stability Characteristics of F-FOPP from
TGA

F-FOPP
TTemperature (°C) 200 400 600 800
RResidual mass (%) 98 65 42 40

4.3 Cytotoxicity Profile of F-FOPP

The cell cycle analysis was carried out to evaluate the biocompatibility and cytotoxicity of F-FOPP.
Figure 3 shows the cell cycle distribution of 2B cells after 48 h exposure to T mM F-FOPP. The DNA
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content histogram of the treated cells almost completely overlaps with that of the untreated control. The
values (N = 0.7%; V = 94.2%) as shown in Fig. 3, indicate that the vast majority of the cells remain viable,
while only very small fraction undergoes cell death suggesting excellent cytocompatibility. Additionally,
the negligible shift in DNA content distribution indicated sustainability due to maintaining of membrane
integrity and normal cellular processes [33,34].

4.4 Surface Morphology of F-FOPP and F-FOPP coated
foam

The surface morphology of F-FOPP and F-FOPP coated PUF were characterized by SEM, revealing a
significant structural differences. The F-FOPP micrograph shows an irregular, rough and aggregate
particulate morphology as shown in Fig. 4A. The absence of a smooth, uniform surface suggests that F-
FOPP exists as nanostructures material with a high surface area. This morphology is beneficial for
surface modification because the rough particles can provide additional micro/nanoscale features when
coated unto the PUF surface. Likewise, the surface of the PUF coated with F-FOPP became noticeably
rougher, as shown in Fig. 4B. The SEM image of the coated PUF shows that the original open-cell
structure of the PUF is retained after coating [35]. However, the struts of the PUF appear rougher and
more textured than would be expected for uncoated PUF, indicating deposition of F-FOPP onto the foam
skeleton. Furthermore, the coating appears to introduce additional surface irregularities. Such roughness
can enhance water repellency of a hydrophobic surface by reducing the effective contact area between
water and the solid surface [36]. The AFM image further confirms that the coated PUF possesses a non-
uniform, textured surface at the micro/nanoscale as shown in Fig. 4C. The observable variations in
surface topography indicate that deposition of F-FOPP alters the surface architecture of the PUF. The
resulting rough surface can contribute to enhanced hydrophobicity because surface roughness amplifies
the intrinsic wetting characteristic of the coating. Figure 4D shows the WCA measurement of F-FOPP
coated PUF, the modified foam exhibits water contact angle of 105.3°. Since the contact angle is greater
than 90°, the modified PUF can be classified as hydrophobic. This suggests a clear change from a
comparatively more water-wettable surface and confirms that F-FOPP successfully alters the surface
wettability of PUF [37].

4.5 Evaluation of Mechanical Stability of F-FOPP

Although hydrophobic surfaces have been widely investigated, the poor mechanical stability is a major
setback to their further development. Therefore, it is necessary to evaluate the stability of coated foam
sample to ensure their durability in oil/water separation applications. The stress-strain curve of F-FOPP
coated PUF (Fig. 5) shows the mechanical response of the foam under tensile loading. The stress-strain
curve demonstrates that the modified foam possesses appreciable mechanical strength and
deformation capability. The tensile stress increased progressively with strain, reaching a maximum value
of 11MPa at 20% strain. The gradual increase in stress reflects progressive deformation and stretching
of the polymeric foam network. Beyond the maximum tensile stress, a sharp decrease in stress was
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observed at 22% strain, indicating structural failure of the foam as shown in Table 2. The combination of
tensile strength and high strain tolerance suggests that the F-FOPP coating preserves the mechanical
integrity of the polyurethane substrate while providing a modified surface suitable for oil/water
separation [38].

Table 2
Mechanical Stability Characteristics of F-FOPP from
UTM.
F-FOPP
Strain (%) 5 10 15 20

R Tensile stress(MPa) 34 6.4 90 11.0

4.6 Oil Absorption Capacity of F-FOPP Coated Foam

To evaluate the potential of the coated foam in diesel oil/water separation applications, we utilized a
gravimetric analysis. The oil absorption capacities of F-FOPP modified foam over 5 cycles are presented
in Fig. 6. The modified foam exhibited an initial diesel-oil absorption capacity of 4.8 g/g in the first cycle.
The capacity increased slightly to 5.8 g/g in the second cycle, which may be associated with progressive
wetting of the porous foam and better penetration of diesel into the interconnected pores. However, after
the second cycle, a gradual decline was observed. The absorption capacity decreased to 3.6 g/g in the
third cycle, 2.9 g/g in the fourth cycle and 1.8 g/g in the fifth cycle. The reduction may result from
incomplete removal of the previously absorbed oil during squeezing, partial pores blockage and/or some
loss or redistribution of the F-FOPP coating during repeated mechanical manipulation. On the overall, the
material demonstrated reusability but with noticeable loss of absorption capacity over repeated cycles
[39,40].

5 Conclusion

This study successfully developed a fluorine-free octaphenyl polyhedral oligomeric silsesquioxane as a
sustainable alternative to fluorinated silsesquioxane for the fabrication of hydrophobic polyurethane
foam through a facile, “one-pot” dip-coating process. Multinuclear NMR ('H, '3C, and 2°Si) confirmed the
successful synthesis of the silsesquioxane coupling agent while preserving the integrity of the
silsesquioxane T, cage, whereas SEM and AFM analyses verified the formation of uniform
micro/nanostructured coating with increased surface roughness. The resulting water contact angle of F-
FOPP coated foam (105.3°) confirmed the transformation of the foam surface into a hydrophobic state,
which is favourable for selective interaction with oil during oil/water separation. The thermal analysis
indicated that the material maintained good thermal stability at temperatures below 200°C, while
significant decomposition occurred at higher temperatures, with substantial silicon-containing residue
remaining at elevated temperatures. The mechanical analysis further showed that the F-FOPP coated
foam could withstand considerable tensile deformation, reaching a maximum tensile stress of 11 MPa
at 20% strain, demonstrating the surface functionalization did not eliminate the mechanical integrity of
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the porous PU substrate. The oil absorption studies demonstrated the ability of the F-FOPP coated foam
to absorb diesel oil. Although, the absorption capacity decreased to 3.6, 2.9 and 1.8 g/g in the third,
fourth and fifth cycles, respectively, the foam retained measurable oil absorption capacity after repeated
regeneration. More importantly, F-FOPP exhibited excellent biological compatibility, maintaining a cell
viability of 94.2 with only 0.7 necrotic cells. These results establish that F-FOPP coated PU foam is a
promising porous material for oil/water mixture separation.
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Scheme 1

Scheme 1 is available in the Supplementary Files section.
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Figure 1

"H NMR, '3C NMR and ?°Si-NMR Spectra of F-FOPP.
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Thermal Stability Curve of F-FOPP.
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Figure 3

Cell Cycle Distribution and DNA Content of F-FOPP Cell Treatment.
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Figure 4

(A) SEM Micrograph of F-FOPP (B) SEM Micrograph of F-FOPP Coated PUF (C) AFM Micrograph of F-
FOPP Coated PUF and (D) WCA Measurement of F-FOPP Coated PUF.
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Stress-Strain Curve of F-FOPP Coated Foam.
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Figure 6

Diesel Oil Absorption Capacity of F-FOPP Coated Foam.
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