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Polypropylene (PP) nonwoven fabrics offer many advantages, such as interconnected microstructures, flexibility,
and chemical stability. However, their intrinsic hydrophobicity severely restricts applications in oil-water sep-
aration. In this work, inductively coupled plasma-enhanced chemical vapor deposition (IC-PECVD) was
employed to endow PP nonwoven fabrics with superhydrophilic-underwater superoleophobic properties. After
hexamethyldisiloxane deposition, a subsequent 5 min oxygen plasma treatment transformed the fabric surface
from highly hydrophobic (>130°) to superhydrophilic (complete wetting), and from lipophilic (~60.3°) to un-
derwater superoleophobic (~151°). The fiber surface evolved progressively from smooth to conical structure
with high roughness and distributed different sizes of nanoparticles, while hydrophilic oxygen-containing polar
functional groups were introduced. Importantly, the coating designed by this unique combination improved the
crosslinking degree of the fiber surface, stabilized hydrophilic hydroxyl, carboxyl and other functional groups,
which greatly improved the problem of plasma aging effect, maintaining high stability in air over 260 days. The
long-term stability and cyclic oil-water separation tests were carried out on the pre-wetted modified nonwoven
fabrics. The fabrics consistently exhibited an oil-water separation efficiency exceeding 99.0%, along with long-
term stability, chemical resistance and self-cleaning capability. These results are broadening the application of
modified nonwoven fabrics in the field of actual oil-water separation.

1. Introduction

The escalating global water pollution crisis, exacerbated by oil
contaminants, demands urgent technological solutions. Oily wastewater
discharge forms impermeable surface films that disrupt essential oxygen
exchange between aquatic and atmospheric environments. Synthetic
oils are particularly concerning due to their limited biodegradability,
which threatens marine ecosystems, human health, and sustainable so-
cioeconomic development through bioaccumulation [1,2]. Inspired by
biological prototypes such as fish scales, superhydrophilic surfaces
(water contact angle < 5°) are achieved through the synergy of surface
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roughness engineering and high-energy chemical modifications [3-6].
These bifunctional interfaces integrate superhydrophilicity with un-
derwater superoleophobicity, enabling efficient oil-water separation
through selective water permeation while repelling hydrophobic con-
taminants. This membrane-based approach offers operational simplicity
and environmental compatibility compared to conventional separation
techniques.

Fabric-based materials have emerged as promising separation media
because their interconnected microporous networks facilitate hydraulic
transport upon hydrophilic modification. They also offer advantages
such as cost-effectiveness, environmental friendliness, and application
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flexibility [7]. Polypropylene nonwoven fabrics exhibit advantageous
mechanical flexibility, chemical inertness, and inherent textile proper-
ties, rendering them promising substrate materials for oil-water sepa-
ration membranes. Nevertheless, their intrinsic hydrophobicity
necessitates surface modification for practical implementation. Various
methods have been developed to control the surface wettability of
practical applications. For example, Yang et al. [8] developed a cotton
fabric-based membrane with special wettability and excellent anti-
contamination ability by using a chemical etching method. Likewise,
Lee et al. [9] obtained a superhydrophilic ramie fabric by using a mild
alkali to remove its wax, rough and gummy veneers in the raw ramie
fiber, which had a long-term stability of more than 90 days and a robust
self-cleaning ability to clean spilled low sulfur fuel oils. Zhang et al. [10]
utilized the synergistic self-assembly of chitosan and hydroxylated
multi-walled carbon nanotubes on cotton fabric to construct a rough
structure, which was combined with hydrophilic modification using
polyvinyl alcohol for enhancing the wettability of cotton fabrics. How-
ever, these complex and costly preparation methods produced a large
amount of waste liquid, which harms the operators and the environ-
ment. Beyond these conventional wet-chemical methods, the field of
advanced separation materials is rapidly evolving towards designing
membranes with exceptional durability and anti-fouling properties [11].
For instance, nature-inspired superwetting membranes have been
developed for challenging emulsified oil/water mixtures, while Janus
membranes with hydrogel-like coatings exhibit remarkable fouling and
wetting resistance in harsh processes like membrane distillation
[12,13]. These advancements underscore the critical need for separation
media that are not only efficient but also robust and long-lasting [14].

Plasma treatment presents a green alternative through non-
equilibrium gas discharges that selectively modify surface properties
without bulk alterations [15]. The vacuum-based technique enables
atomic-scale precision (1-100 nm surface penetration) for simultaneous
etching, functionalization and polymerization [16-18]. For different
substrate materials, selecting an appropriate plasma gas source is
crucial. It is found that plasma etching with hydrogen, argon and oxygen
can improve the hydrophilicity of the substrate surface. Hydrogen and
argon plasma mainly occur defluorination reaction, while oxygen
plasma mainly occurs dehydrogenation reaction [19]. For poly-
propylene nonwoven fabrics composed entirely of carbon and hydrogen,
the dehydrogenation reaction induced by oxygen plasma treatment and
the incorporation of oxygen are extremely effective in improving their
hydrophilicity.

However, a major limitation is that the surfaces treated by plasma
etching frequently exhibit hydrophobicity recovery and temporal
instability, which seriously affects the practical application of materials
[20,21]. The research demonstrates that plasma polymerization
following plasma etching produces a more stable surface, mitigating
time-dependent degradation and enabling sustained hydrophilic modi-
fication. Hexamethyldisiloxane (HMDSO) emerges as an optimal pre-
cursor for plasma-enhanced chemical vapor deposition (PECVD),
combining rapid polymerization kinetics with exceptional thermal sta-
bility [22,23]. The HMDSO-derived siloxane matrix undergoes subse-
quent oxygen plasma treatment, where CHs group replacement with
hydrophilic moieties (—Si-O-) enhances surface energy. Although
numerous studies have reported the fabrication of superhydrophilic
surfaces via HMDSO plasma polymerization, detailed insights into the
effects of HMDSO on the surface morphology and chemical composition
of fabrics remain limited [24-27]. Moreover, the underlying mecha-
nisms of superhydrophilic surface formation and their applications in
oil-water separation are still insufficiently explored.

In this work, polypropylene nonwoven fabrics were sequentially
modified via oxygen plasma etching, HMDSO deposition, and oxygen
plasma treatment to construct membranes with superhydrophilic and
underwater superoleophobic properties. The evolution of surface
morphology and chemical composition was further analyzed, including
the role of treatment time in surface functionalization. Furthermore, the
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timeliness, self-cleaning capabilities and oil-water separation efficiency
were evaluated, and the practical application of modified nonwoven
fabrics in the field of oil-water separation was analyzed.

2. Experimental section
2.1. Materials and fabrication of modified nonwoven fabrics

Polypropylene nonwoven fabrics (Zhejiang Kaijie Nonwoven Fabric
Co., Ltd.) was used as the experimental substrate. Samples were soaked
in acetone for 3 min to remove surface pollutants, then ultrasonically
cleaned with deionized water and dried. The inductively coupled
plasma-enhanced chemical vapor deposition (ICP-PECVD-13.56 MHz)
equipment was utilized to modify the nonwoven fabrics. Specifically,
the cleaned and dried samples were mounted on the cathode plate inside
the reaction chamber using conductive adhesive. The chamber was
sealed and pumped down. High-purity oxygen (99.99%) was introduced
when the vacuum was pumped to 3.99 x 10° Pa. The gas flow rate was
set to 100 mL/min, while the operating voltage remained at 600 V. The
working pressure was set to be 27 Pa, and the processing time was 30
min. After etching, the chamber was pumped down again to below 3.99
x 10" Pa, and HMDSO was introduced. The deposition was performed
under the following conditions: a gas flow rate of 40 mL/min, a working
voltage of 600 V, a working pressure of 27 Pa, and a processing time of
20 s. After deposition, the first step was repeated with the activation
time adjusted to 1, 2, 3, 4, and 5 min.

2.2. Morphological and compositional characterization

The microstructural morphology of the samples before and after
modification was examined using a field-emission scanning electron
microscope (SEM, FEI Quanta FEG 250, USA). Particle size distribution
was analyzed from SEM images using Image J software. Because the
polypropylene nonwoven fabric is non-conductive, samples were
sputter-coated with a platinum layer (100 mA, 100 s) prior to imaging.
Surface roughness measurements were performed using an atomic force
microscope (AFM, Dimension ICON, Bruker, USA). Due to the relatively
small diameter and curved surface of the fibers, the scan area was
carefully selected to ensure accurate topographic representation, and
multiple measurements were taken at different locations to obtain a
representative average roughness value. Surface chemical composition
was analyzed by microscopic Fourier transform infrared spectroscopy in
attenuated total reflectance (ATR) mode (Micro-FTIR, iS 50, Semirfei,
USA). Spectra were acquired over the wavenumber range of 400-4000
cm~ ! with a resolution of 2 cm ™!, a wavenumber accuracy of 0.01 em L,
and 32 scans. Elemental composition and chemical bonding states were
determined by X-ray photoelectron spectroscopy (XPS, Axis Ultra DLD,
UK). The spectra were calibrated to the Cls peak at 284.8 eV. Peak
deconvolution was performed using CasaXPS software with a Shirley
background, applying Gaussian-Lorentzian peak shapes (70% Gaussian,
30% Lorentzian) and a full width at half maximum of approximately 1.2
eV.

2.3. Wettability and cyclic oil-water separation for modified nonwoven
fabrics

Surface wettability was evaluated with a contact angle goniometer
(Data Physics, OCA20, Germany) in static mode using 3.0 pL droplets,
with the values averaged from three different positions. Deionized water
droplets were used to measure the water contact angle, while poly-
a-olefin (PAO) synthetic base oil stained with oil red was employed to
measure the underwater oil contact angle.

For the cyclic oil-water separation, the oil-water mixture was ob-
tained by combining 20 mL of dyed PAO oil with 40 mL of deionized
water. In the process of oil/water separation, the modified nonwoven
fabrics were pre-wetted with water and positioned in the center of the
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separation device. The separated water was collected in a conical flask at
the bottom. For the aging test, the water contact angle measurements
were taken every five days. Chemical stability tests were conducted by
immersing the modified samples in acidic, alkaline, and saline solutions
(3.5 wt% NaCl) for 24 h. Deionized water was used as the base solution,
and the pH values of 1, 5, 9, and 13 were adjusted by adding hydro-
chloric acid or sodium hydroxide to obtain the corresponding acidic and
alkaline media. After immersion, the samples were rinsed with deion-
ized water and dried in an oven at 60°C before water contact angle
(WCA) and SEM analysis.

3. Results and discussion

The surface evolution of polypropylene fibers during the multi-step
plasma modification process is schematically illustrated in Fig. 1. The
surface characteristics of fibers, which are the primary constituents of
nonwoven fabrics, directly influences its macroscopic performance of
the fabrics. Prior to oxygen treatment, all samples underwent a consis-
tent 30 min oxygen pre-etching and 20 s HMDSO deposition. The surface
morphology of the untreated Polypropylene nonwoven fabrics and
Polypropylene fabrics with 30 min etching and 20 s deposition were
presented in Fig. 2. The untreated polypropylene nonwoven fabrics
exhibited a smooth surface with no discernible protrusions, and a
roughness of only 1.26 nm (Fig. 2a). After 30 min etching, the fabrics
surface displayed a conical protrusion structure, with a roughness of 3.0
nm (Fig. 2b). Following a further 20 s deposition, the fabrics surface
preserved a rather full post-etching morphology, with small nano-
particles (4-20 nm) uniformly distributed within surface depressions
(Fig. 2¢). The consistent pretreatment resulted in no significant differ-
ence between the SEM images of the fibers at micrometer scale (Fig. 3a-
e). The nanoscale fibers surface covered with conical cluster structures
and nanoparticles of different sizes, revealed that the surface
morphology became increasingly complex with extended oxygen plasma
treatment [28]. Furthermore, the size of the nanoparticles increased,
leading to the formation of larger nanospherical agglomerates.

Fig. 3 depicted the surface micro-morphology of Polypropylene
fabrics with various treatment time. Polypropylene fibers, a semi-
crystalline polymer, exhibited a heterogeneous surface morphology
comprising crystalline and amorphous regions. The crystalline domains
with ordered and densely packed polymer chains possessed higher bond
energies, while the amorphous regions were comparatively less ordered
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and lower bond energies. Oxygen plasma etching selectively targets the
amorphous regions due to their lower crystallinity and weaker bond
energies. This differential etching behavior resulted in varying etch
rates, which led to the formation of nano-cone structure [29,30].
Nanoparticles formation followed three steps: (i) nucleation of primary
particles, (ii) aggregation and condensation, and (iii) surface expansion
[31]. The formation of spherical nanoparticles deposited on the fibers
surface was related to the breakage of HMDSO monomers upon plasma
discharge. With the increase of oxygen plasma treatment time, the
morphology became more complex, and the nanoparticle size increased
steadily, promoting the aggregation of spherical particles. Oxygen
plasma bombardment further promoted HMDSO monomer scission,
generating free radicals and increasing nucleation sites, thereby
enhancing particle adhesion and growth. Furthermore, the protruding
nanocone features on the fiber surface facilitated plasma interaction at
these elevated sites, resulting in the preferential deposition and growth
of larger nanoparticles at the cone apexes.

Fig. 4a illustrates the variation in water contact angle (WCA) and
underwater oil contact angle (UOCA) of polypropylene nonwoven fab-
rics with varying oxygen plasma treatment time. After 1 min of treat-
ment, the fabric surface exhibited a WCA of ~ 73.3°, confirming its
hydrophilic nature. Extending the treatment to 2-5 min led to imme-
diate water penetration, a characteristic of the superhydrophilic state,
which was consistent with Wenzel’s model [32]. The UOCA was
approximately 25.9° after 1 min oxygen plasma treatment, indicating
lipophilicity. The UOCA increased to approximately 133°, 136°, 144°,
and 151.3° after 2, 3, 4, and 5 min of treatments, respectively. The Oq
plasma treatment for more than 2 min resulted in excellent underwater
oleophobicity, and the fabric treated for 5 min achieved an underwater
superoleophobic state (UOCA > 150°). Furthermore, the modified fabric
(5 min treatment) exhibited underwater oleophobicity against various
oils. The variation in UOCA among different oils (Fig. 4b) was primarily
attributed to differences in oil viscosity, which confirmed the applica-
bility of the modified fabric in diverse oil-water environments.

The untreated nonwoven fabrics showed hydrophobicity (approxi-
mately 133.8°) and underwater lipophilicity (approximately 61°). After
HMDSO deposition and subsequent oxygen plasma treatment, the
samples became superhydrophilic and underwater superoleophobic.
According to the Wenzel equation:
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Fig. 1. Schematic illustration of surface evolution during the multi-step plasma modification.
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Fig. 2. Microstructures of polypropylene nonwoven fabrics with (a) untreatment, (b) 30 min etching, (c) 30 min etching and 20 s deposition.

where Owenzel is the apparent contact angle, 6 is the contact angle on an
ideal smooth surface, and r is the roughness factor. An increase in the r
amplifies the intrinsic wettability of a surface, rendering hydrophilic
substrates more hydrophilic and hydrophobic substrates more hydro-
phobic. SEM images confirmed that surface roughness increased with
longer oxygen plasma treatment. The observed superhydrophilicity
could be attributed to this enhanced roughness coupled with the intro-
duction of hydrophilic oxygen-containing groups by plasma. After
complete wetting by water, the surface of the nonwoven fabrics was
enveloped in a thick water layer, which prevented contact with oil
droplets, thereby exhibiting oleophobic properties underwater [33].

To further verify the correlation between the hydrophilicity of the
post-treatment nonwoven fabrics and surface functional groups, micro-
infrared spectroscopy was employed to characterize the surface chemi-
cal composition alterations following different oxygen plasma treat-
ments. As shown in Fig. S1 (supporting information), the original
polypropylene nonwoven fabric is composed of hydrocarbon groups,
with the carbon atoms exhibiting three bonding states: CH,, CHs, and
C-H. After the first oxygen plasma etching, oxygen-containing func-
tional groups such as OH, C=0, and C-O were introduced onto the
surface of the nonwoven fabric. Following HMDSO deposition and
subsequent oxygen plasma treatment for varying durations, the corre-
sponding Micro-FTIR spectra were presented in Fig. 5. The peaks at
2850-2914 cm ! and 2952 cm ! correspond to the stretching vibrations
of CH, and CHjs, confirming the preservation of hydrocarbon moieties
[34,35]. Furthermore, the introduction of oxygen resulted in prominent
O-H stretching vibrations at 3600-3100 cm™! and C=0 stretching vi-
brations at 1660 cm ™! [36,37]. The band at 1450 cm ! was assigned to
the bending vibrations of CHx groups, while the characteristic Si(CHs)x
deformation vibration around 1270 ecm ™! was not clearly distinguish-
able, likely due to overlap with the broad Si-O-Si vibrations in the
1200-950 cm ! region [38]. In this range, absorptions corresponding to
Si-0-Si (1070 cm 1) and Si-C (1060 cm ') bonds were observed [39,40].
The peaks at 840 cm~ ! and 802 cm ™! were attributed to Si-(CH3)3 and O-
Si-(CHs3),, respectively [37]. These variations in absorption peaks could
be elucidated by the complex structure of the polymethylsiloxane
compounds.

XPS was employed to study the impact of varying plasma oxidation
times on the elemental composition and chemical bonding states of
nonwoven fabrics. Elemental composition was quantified via peak area

calculations, yielding relative atomic percentages and silicon compo-
nent analysis. The results were shown in Fig. 6b, and the calculation
formulas were as follows:

n L S

m_ i ot (2

no IS

where n is the number of atoms, I is the intensity of the XPS peak
(calculated as the peak area); S is the sensitivity factor. Fig. S2
(supporting information) presents the XPS survey spectra of poly-
propylene nonwoven fabrics before and after plasma etching. For the
untreated sample, a pronounced Cls peak and a weak Ols peak were
detected. After 30 min of plasma etching, the relative intensity of the Cl1s
peak decreased, with its atomic percentage dropping from 91.6% to
86.0%, while the Ols peak significantly increased to 14.0% (Table S1,
supporting information). After the HMDSO polymerization and deposi-
tion, the XPS spectrum of the sample exhibited C1s, O1s, and Si2p peaks,
with carbon at 60.8%, oxygen at 21.7%, and silicon at 17.5%, resulting
in a C/Si ratio of 3.47, consistent with HMDSO. Fig. 6a shows the XPS
survey spectra of the fabric surface after the final oxygen plasma acti-
vation. The results indicated that all samples exhibited obvious Cl1s, Ols
and Si2p peaks on the surface. The O/Si ratio of 1.23 was notably higher
than the HMDSO with O/Si ratio of 0.5, which can be attributed to the
oxygen plasma etching pre-treatment that introduced a large amount of
oxygen-containing functional groups. After the secondary oxygen
plasma treatment for varying durations, the relative intensity of the Cls
peak decreased to 40.2%, while the O1s peak significantly increased to
41.7%, and the Si2p peak stabilized at 17.5 + 0.6%. This observation
indicated that as the prolonged oxygen plasma treatment time, oxygen
ions break more carbon chains and introduce additional oxygen
elements.

To further analyze the chemical bonding states, the Cls and Si 2p
spectra were deconvoluted. Fig. 6¢ showed the Cls spectrum. Table 1
summarized the detailed fitting results for Polypropylene nonwoven
fabrics with varying plasma oxidation time. Following oxygen etching
pre-treatment, the Cls peaks of all samples could be decomposed into
five distinct peaks: the C-Si peak (284.0 eV), the C-C peak (285.0 eV),
the C-O peak (286.5 eV), the C=0 peak (288.0 eV), and the O-C=0 peak
(289.1 eV) [41]. The relative contents of the oxidized carbon species
(C=0 and O-C=0) increased with plasma oxidation time (0-5 min),
indicating that longer treatment introduced more oxygen atoms and
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Fig. 3. SEM microstructures and nanoparticle size distribution of polypropylene nonwoven fabric treated with oxygen plasma for different times: (a) 1 min, (b) 2
min, (c¢) 3 min, (d) 4 min, and (e) 5 min. Scale bars correspond to magnification levels of 1000 X, 5000X, and 20,000X, respectively.

enhanced the surface oxidation degree. Conversely, the C-Si and C-C
components remained relatively unchanged, suggesting the matrix
structure was unaffected.

Fig. 6d showed the Si 2p spectrum. In films derived from HMDSO
plasma polymerization, the Si 2p signal is typically deconvoluted into
four components, Si-O(CHgs)s, Si-O2(CHs)s, Si-O3(CHgs), and Si-Og4, with
binding energies of 101.5, 102.1, 102.8, and 103.4 eV, respectively,
labeled as M, D, T, and Q. [42] The O/Si ratios were calculated from the
following equations: [43]

0/Si=05M+D+1.5T+2Q 3)

where M, D, T and Q represent the area fractions of the individual
components in Si2p. The results were statistically summarized in
Table 1. The data in Table 1 revealed that one or two components
dominate the Si 2p spectrum in each sample (each > 20%), which
dictated the surface chemistry of the nonwoven fabrics. The M units
were predominated in membrane structures deposited by HMDSO
plasma, composed of —Si(CHz2)-Si(CH3)2-O-, —Si(CH3)2-Si(CHs)2-O- and
—Si-Si(CH3)2-O-. The —0-Si(CH3)2-O- component, resulting from oxy-
gen plasma etching pre-treatment, was the most abundant. In this pro-
cess, the Si-CHs bonds were broken, allowing one silicon atom to
connect to two oxygen atoms, forming a highly cross-linked polymer
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network. Plasma oxidation induced the replacement of methyl groups in the formation of new conformations. A new component, CH2Si(CHs)s,
M, D, T, and Q with oxygen-containing groups or hydrogens, resulting in appeared in the fitted peak, which was labeled as S [44,45]. The
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Table 1
Relative atomic percentage content of functional groups of Cls and Si2p before and after O, plasma treatment.
Sample Cls Si 2p
C-Si c-C C-0 Cc=0 0-C=0 S M D T Q
o CH, CH, CH, 5
| \ |
H,C — Si — CH, - _0_Si—CH 0—Si—0- -0—Si—0-
| : i -0—Si—0-
CH, . ‘ ‘ ‘
CH, CH, (.) o
HMDSO 36.88 42.02 16.39 2.63 2.09 — 20.90 56.15 14.32 8.63
Activated 1 min 36.79 41.61 14.36 2.75 4.48 9.30 8.61 41.43 30.94 9.73
Activated 2 min 36.66 41.72 13.05 3.45 5.13 8.46 10.21 37.24 33.10 10.99
Activated 3 min 36.83 40.53 13.38 4.58 4.68 7.50 8.62 34.22 37.73 11.86
Activated 4 min 36.62 39.81 12.32 5.76 5.49 6.81 4.82 30.65 41.13 16.59
Activated 5 min 36.93 39.64 11.43 6.04 5.96 5.40 3.69 14.57 53.35 22.99

formation of S units may be attributed to the breakage of Si-O-Si chain
segments and the introduction of carbon atoms due to high-intensity
bombardment by the oxygen plasma. The —O-Si(CH3)3 component

could also be attributed to this process. The total content of these non-
oxidized components remained below 20% and progressively
decreased with increasing the time of plasma oxidation, confirming that
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longer treatment times promote oxidation. The D units decreased from
56.15% to 14.57% with increasing oxygen treatment time, while the T
and Q component contents increased from 14.32% and 8.63% to 53.35%
and 22.99%, respectively. This change suggested that increased plasma
oxidation time led to a high degree of Si-C bond dissociation, resulting in
greater bonding with oxygen atoms.

Combined FTIR and XPS analyses confirmed the presence of hy-
droxyl groups on samples after the secondary oxygen plasma treatment.
The silicon oxide components in M, D, T, and Q possess two or more
radical sites resulting in hydrophilic structures with terminal OH groups,
such as —O0-Si(CH3)2-OH, —02-Si(CH3)2-OH and —O-Si(OH)s, which
explained the observed infrared spectral formation of complex branched
and ringed networks. During the preparation process, the oxygen plasma
initiated the methyl chains broken, generating free radicals and intro-
ducing oxygen elements. Subsequently, the HMDSO monomer broke
down and polymerized to form a highly crosslinked polymer deposit
layer. The oxygen plasma treatment further broke the methyl chains of
the polymer layer, which then reacted with oxygen ions to form oxygen-
containing functional groups, such as hydroxyl and carboxyl groups.
This resulted in a stable, cross-linked siloxane matrix on the fiber sur-
face, wherein the originally hydrophobic methyl groups were progres-
sively replaced by hydrophilic moieties as treatment time increased.
Moreover, the etching effect of the oxygen plasma, combined with the
varying sizes of nanoparticles obtained from HMDSO deposition,
significantly enhanced the roughness of the fiber surface. Ultimately, the
synergistic combination of this hydrophilic surface chemistry and the
hierarchical roughness imparted durable superhydrophilicity to the
nonwoven fabrics.

To evaluate the performance stability, cyclic oil-water separation
tests were conducted, as illustrated in Figs. 7a and 7b. The oil-water
mixture was prepared by combining the 20 mL dyed PAO oil with 40 mL
of deionized water. Pre-wetted modified nonwoven fabrics were posi-
tioned in the separation device, and the separated water was collected in
a conical flask. The separation efficiency was calculated using Equation
(4) [46]:

E="" 4 100% “4)
mo

where E is the oil-water separation efficiency, my is the mass of oil
before the separation test, and m; is the mass of oil after the separation
test. After the separation, PAO oil was effectively trapped, while water
flowed completely into the conical flask with no residual oil observed. In
contrast, the untreated PP fabric failed to separate the mixture. As
shown in Fig. S3, the pristine fabric was rapidly wetted and penetrated
by the oil, allowing it to pass through. This control experiment
confirmed the necessity of surface modification for effective separation.
Table 2 presented a comparison of the cyclic oil-water separation effi-
ciencies of fabric materials subjected to different surface hydrophilic
modifications. Oil residue was observed on the modified nonwoven
fabrics after 35 cycles. However, as shown in Fig. 7b, rinsing with water
could remove oil droplets quickly, leaving no traces of contamination,
which demonstrated excellent self-cleaning properties. Furthermore, the
separation efficiency consistently remained above 99.0%, showing
outstanding recycling performance compared to other modification
methods. The chemical stability tests were conducted by immersing the
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modified samples in acidic (pH = 1, 5), alkaline (pH = 9, 13), and saline
(3.5 wt% NaCl) solutions for 24 h, as detailed in Fig. 7d. Aqueous so-
lutions with pH values of 1, 5, 9, 13, and a 3.5 wt% NaCl solution were
prepared using HCl, NaOH, and NaCl. The samples modified by 5 min of
plasma oxidation were immersed in these solutions for 24 h. The results
indicated that the modified nonwoven fabrics remained directly
wettable by water after soaking in various solutions, retaining their
superhydrophilicity. SEM images (Fig. S4, Supporting Information)
revealed that while the surface nanostructure was somewhat altered,
nanoparticle clusters remained evenly distributed, and the overall
morphology was largely retained [47,48]. The observation confirmed
the exceptional resistance to acidic, alkaline and saline corrosive envi-
ronments even after prolonged exposure, demonstrating excellent
chemical stability facilitated effective separation of complex oil-water
mixtures.

To assess the impact of different plasma oxidation time on the aging
properties of the samples, water contact angle measurements were taken
every five days. The results were illustrated in the Fig. 7e. The 1 min
plasma-oxidized sample exhibited an increase in contact angle to 125°
after one day exposed to air, showing hydrophobicity. Samples sub-
jected to 2-5 min of plasma oxidation maintained superhydrophilicity
for 260 days, with varying imbibition rates. Longer plasma oxidation
time correlated with faster imbibition. The fabrics treated for 5 min
exhibited imbibition within 10 s, whereas those treated for 2-4 min
required over 1 min for complete wetting. This remarkable long-term
stability originates from the unique surface architecture constructed by
the synergistic combination of HMDSO deposition and subsequent O,
plasma treatment. The key lies in the fact that HMDSO first forms a
highly cross-linked siloxane polymer network on the fiber surface. This
network serves as a robust matrix that not only suppresses the migration
and rotation of polypropylene polymer chains but, more fundamentally,
provides a stable, non-aging platform resistant to physical aging and
chemical degradation. The subsequent Oy plasma treatment does not
merely attach hydrophilic groups superficially. Rather, it cleaves the
—CH3 groups on the siloxane network and replaces them in situ with
strongly hydrophilic, hydrogen-bond-capable functionalities such as
—OH and -COOH groups. These hydrophilic moieties are covalently
anchored to the cross-linked backbone, thereby being “permanently
locked” within this rigid, non-aging matrix. This architecture explicitly
addresses and mitigates the plasma aging effect by avoiding the loss of
hydrophilicity typically caused by surface energy relaxation or func-
tional group reorientation in conventional plasma treatments [49].

To elucidate the mechanism of oil-water separation, capillary phe-
nomena on the superhydrophilic and underwater superoleophobic
polypropylene nonwoven fabrics surface were analyzed. Capillary phe-
nomena, illustrated in Fig. 7f, referred to the rise (in wetting liquids) or
fall (in non-wetting liquids) of a liquid within narrow tubes or porous
materials.[50] The capillary phenomenon in fabric materials required
the introduction of the concept of a capillary force difference (AP),
which can be derived from the following equation: [51,52]

_ 2ycost

AP
R

()

where AP represents the capillary pressure force difference, y is the
liquid's surface tension, cos 0 is the contact angle of water or oil with the

Table 2

Oil/water separation properties of fabric materials after different surface hydrophilic treatments.
Substrate Treated method 0il Cycle times Efficiency References
Cotton fabrics Dip-coated N-octane 25 99.3 [8]
Cotton fabrics Dip-coated Dichloromethane 25 98 [53]
Cotton fabrics Scrape-coating Motor oil 30 97.5 [54]
Polyamide nonwoven fabrics Coating with Heavy mineral oil 25 98.6 [55]

pre-etching

Polypropylene nonwoven fabrics Plasma polymerization + plasma oxidation PAO 35 99.0 Our work
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Fig. 7. Performance and mechanism of the modified PP nonwoven fabric. (a) Schematic of the cyclic oil-water separation experiment; (b) self-cleaning demon-
stration via water rinsing; (c) oil-water separation efficiency over multiple cycles; (d) chemical stability evaluated by water contact angles after immersion in so-
lutions of varying pH and salinity; (e) long-term stability: water contact angle versus aging time in air; (f) schematic of capillary action explaining the separation

mechanism; (g) the mechanism of oil-water separation.

fabric surface, and R is the theoretical radius of the fabric's capillaries.
The gravitational force (G) generated by the liquid level height differ-
ence can be expressed by equation (6).

G =pgh O]
In the equation, p represents density, g is the acceleration due to gravity,
and h denotes the height difference, either the rise or fall of a liquid,
induced by an internal and external pressure difference, AP. When AP is
in equilibrium with G, h can be expressed as shown in equation (7):

he 2ycosf
pgR

)

Polypropylene nonwoven fabrics were composed of intersecting fi-
bers, with interstitial spaces between adjacent fibers ranging from 30-
100 pm, functioning as capillary channels (with an inner diameter equal
to or less than 1 mm). According to equation (5), when 0 < 6 < 90°, AP
> 0, the capillary pressure force difference facilitates liquid penetration
into the capillary; conversely, when 6 > 90°, AP < 0, the capillary

pressure force difference impedes liquid entry into the capillary. For
superhydrophilic polypropylene nonwoven fabrics, the combined
capillary pressure and gravity effects facilitated rapid wetting upon
water droplet contact. The water rise height (hy) within the capillaries
can be derived from equation (7). Considering § = 0", cosd =1, yy,, =
0.073Nm™!, p = 1.0x 10°kgm=3, g = 9.8ms 2, R = 3.0-10.0x
10-°>m, the calculated hy = 0.15 —0.50m m. This result indicated that
the capillary rise of water substantially surpassed the thickness of the
polypropylene nonwoven fabrics (approximately 1 mm).

For underwater superoleophobic polypropylene nonwoven fabrics,
oil droplets were repelled upon contact with the aqueous environment,
remaining external to the water layer. The oil rise height (hp) on the
surface of underwater superoleophobic nonwoven fabrics can be derived
via equation (7). By setting & = 180, cos# = —1, the interfacial tension
between oil and water 7o, = 0.03Nm™!, oil density p, = 0.5 x
10°kgm—3,R=R =6.5 x 107°m, hp = —0.19m. The negative value for
the oil rise height indicated that the oil droplet, under its own weight,
overcame capillary pressure and reached the fabrics surface only when
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the oil layer height reached 0.19 m. Furthermore, buoyancy from the
water further influences oil droplets. Consequently, oil droplets sus-
pended on the water film are prevented from penetrating the nonwoven
fabric due to capillary forces, resulting in interception outside the water
film. The results of the oil-water separation tests confirmed this
observation.

After plasma modification, the fabric exhibits persistent hydrophi-
licity at the chemical level. At the same time, a multi-scale capillary
network is formed through combined etching and deposition, which
adds nanoscale roughness to the original micron-scale fiber gaps. These
micro-nano structures collectively enhance capillary forces and Laplace
pressure. As a result, rapid water transport and stable underwater
superoleophobicity are achieved, enabling efficient and durable oil--
water separation. Extensive research has shown that conventional
single-step plasma treatments can initially impart hydrophilicity to
polymer surfaces, but the modified effects often rapidly diminish due to
the relaxation of polymer chains and the rearrangement of functional
groups. Hydrophilicity typically decreases significantly within days to
weeks [8,20,21]. Even with optimized radio-frequency plasma treat-
ments, the stability period of hydrophilicity generally remains on the
order of a hundred days [56-59]. In contrast to these studies, our
method employs a three-step synergistic strategy of ‘oxygen plasma
etching-HMDSO deposition-secondary oxygen plasma activation’ to
construct a highly cross-linked siloxane network on the PP fiber surface.
This network not only covalently anchors hydrophilic functional groups
such as hydroxyl and carboxyl groups but also provides a rigid matrix
that suppresses polymer chain migration, thereby synergistically
inhibiting the aging process from both physical and chemical
perspectives.

4. Conclusion

In this study, polypropylene nonwoven fabrics were modified via a
PECVD strategy comprising oxygen plasma etching pre-treatment,
HMDSO deposition, and subsequent oxygen plasma treatment. By
varying the treatment time, the superhydrophilic and underwater
superoleophobic polypropylene nonwoven fabrics were obtained. The
distinct reactivities of the crystalline and amorphous regions of poly-
propylene nonwoven fabrics toward oxygen ions facilitated the forma-
tion of a bionic fish scale-like surface roughness. The micro-nano
structure was achieved through the pre-treatment process, while the
subsequent HMDSO deposition introduced nanoparticles of varying
sizes through oxygen ion treatment, significantly increasing the surface
roughness of the fibers. Additionally, the degree of crosslinking on the
fabrics surface was enhanced, leading to the introduction of hydrophilic
functional groups, such as hydroxyl and carboxyl groups. These modi-
fications resulted in an extremely low water contact angle (achieving a
wetting state), and an exceptionally high underwater oil contact angle
(reaching 151°). The modified fabrics exhibited exceptional long-term
environmental durability, maintaining superhydrophilicity for over
260 days without performance decay. This solvent-free, energy-efficient
platform overcame traditional modification limitations, offering a scal-
able solution for oil pollution treatment.
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