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Optimizing dual hierarchical textured
superhydrophobic paper for enhanced writing and
printing performance: balancing water resistance
and ink adhesion

V. G. C. Samanmali,®® A. R. M. A. M. Rathnayake,®® Nishan Dharmaweera,”
T. Bandara, ©° R. T. De Silva® and M. M. M. G. P. G. Mantilaka { *¢

Superhydrophobic printable and writable cellulose paper preparation requirements are becoming
increasingly significant in the current climate for a variety of important applications. The present work
introduces a simple and successful approach for creating a superhydrophobic paper that can be printed
and written on while maintaining its water repellent properties. The paper is coated with modified silica
utilizing tetraethyl orthosilicate (TEOS), methyltriethoxysilane (MTES), 1H, 1H, 2H, 2H -
perfluorooctyltriethoxysilane (PFOTES), and acrylic binder via a dip coating process. As a result of multi-
layer deposition of silicon dioxide (SiO,) microbeads with nano-micro size mountain-like wrinkled
coating on each bead, the treated paper develops a nano/microstructure with a water contact angle
(WCA) of 152° 4+ 2° and a water sliding angle (WSA) of 7° & 0.5°. This superhydrophobic surface retains its
superhydrophobicity after 50 abrasion cycles on sandpaper and maintains its self-cleaning property with
soil particles and many types of liquids. The superhydrophobic paper products have a higher tensile
strength (~6 MPa) than non-treated paper (~2 MPa) while preserving superhydrophobicity across pH
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1 Introduction

Currently, superhydrophobic surfaces and coatings are a widely
discussed topic due to their remarkable applications, such as
anti-corrosion,™* oil-water separation,>® anti-icing,** anti-
fogging,*” and self-cleaning.>® A superhydrophobic surface is
a surface that has a water contact angle (WCA) more than 150°
and a water sliding angle (WSA) less than 10°. This means that
when a water droplet lands on the superhydrophobic surface, it
forms almost a perfect sphere and can easily roll off from the
surface.”'® Superhydrophobic surfaces require a combination of
low surface energy and substantial surface roughness.'>*> When
a water droplet sits on a rough surface, it comes into contact
with both the materials that make up the surface and the air
pockets within the structure. Since air inherently exhibits
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retain their

superhydrophobicity after printing and writing. This superhydrophobic paper can be used to create
waterproof paper-based printed products and artwork.

a contact angle of 180°, indicating its hydrophobic nature, the
introduction of surface roughness further enhances the super-
hydrophobic properties of the surface.”**

Water infiltration through the surface of cellulose-based
papers causes deformation of the entire material, which is
frequently employed in packaging, information recording,
decoration, filtration, microfluidic device production, and
currency.**** Due to this crucial issue, the paper industry is
focusing on developing superhydrophobic coatings to enhance
the durability and resilience of papers.'*** Cellulose paper has
high hydroxyl group content, making it hydrophilic and disin-
tegrate in water.">'® Different industries, such as steel, glass,
wood, plastic, and textiles, use a variety of surface-engineering
techniques like chemical etching,''® plasma treatment,>"
photolithography,”** and nanoparticulate deposition*** to
create water-repellent surfaces. Cellulose can be readily
degraded by wet-chemical or thermal treatments, hence the
abovementioned techniques are inapplicable to cellulose-based
papers.*>*

To form a waterproof surface on cellulosic papers, some
techniques have been used, such as multilayer deposition of
polydiallyldimethylammonium chloride and silicon dioxide
(SiO,) particles, followed by a fluorination surface treatment
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with  1H,1H,2H,2H-perfluorooctyltriethoxysilane = (PFOTES),
coating of fluoro-containing SiO, nanoparticles prepared by
cohydrolysis of tetraethyl orthosilicate (TEOS)/fluorinated alkyl
silane with ammonia, and coating of organic nanoparticles.®**
Although various superhydrophobic methods have been devel-
oped for cellulose-based papers, most are impractically
complex, lack enduring stability, and fail to retain their func-
tionality under realistic use cases, particularly those involving
writing and printing processes.”*®

In superhydrophobic coatings, perfluorinated compounds
(e.g., PFOTES) have been widely employed due to their excep-
tional ability to lower surface energy and repel water and oils
effectively.> However, their use raises serious environmental
and health concerns because of their persistence in ecosystems,
bioaccumulative nature, and potential toxicity, including links
to endocrine disruption and cancer.***® These concerns have
prompted a critical reassessment of material choices in super-
hydrophobic surface design. As a result, there is a growing shift
in research toward developing fluorine-free alternatives (e.g.,
methyltriethoxysilane (MTES), polydimethylsiloxane (PDMS))
that maintain high water repellency without compromising
environmental safety.”’® Strategies include using bio-based
materials (e.g., beeswax, carnauba wax), silica nanoparticles
with low-surface-energy polymers, or physical surface struc-
turing (e.g., micro/nano-texturing) that achieves super-
hydrophobicity through topography rather than chemical
treatment.?**°

Considering the challenges associated with existing super-
hydrophobic paper coatings, this study aims to develop a novel
superhydrophobic coating for cellulose-based papers that
retains its surface properties even after writing and printing.
This is a simple dip coating method with a one-day aging time
to produce a long-lasting, highly resilient paper. This innovative
approach utilizes a combination of TEOS with both fluorinated
and fluorine-free silanes, aiming to enhance the hydrophobicity
of the paper while reducing the environmental impact typically
associated with fluorinated compounds.

2 Experimental
2.1 Materials

Tetraethyl orthosilicate (TEOS) with 98% purity (SiO, content
28-28.8%) was purchased from Access Labtech (Pvt) Ltd
(Sri Lanka). Xylene (99%), acetic acid (99.9%), cellulose papers,
and acrylic binder (Nippon acrylic clear coating [AC],
spreading capacity - 75-85 square feet per litre) were obtained
from the local market (Sri Lanka). The AC comprises a solid
content of 15-32 wt% acrylic polymer and approximately 1 wt%
amorphous SiO,, uniformly dispersed in xylene. Here, the
acrylic polymer is synthesized through the copolymerization of
butyl acrylate, methacrylic acid, methyl methacrylate, and
styrene. 1H, 1H, 2H, 2H - perfluorooctyltriethoxysilane
(PFOTES) with 97% purity was received from Shandong Zhish-
ang New Material Co., Ltd, China. Methyltriethoxysilane
(MTES) with =100% purity was provided by Shanghai Starsky
New Material Co., Ltd, China. All chemicals were used as
received.
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2.2 Sample preparation

Modified silica colloidal deposition serves as the foundation for
this superhydrophobic paper product. Initially, 5 mL of TEOS
was mixed with 50 mL of xylene (1:10) in a beaker at 500 rpm
for 10 minutes. Next, 2.5 mL of MTES and PFOTES were added
(1:1) and the mixture was agitated for another 10 minutes
before adding acetic acid to raise the pH level to 3. Cellulose
papers (5 cm X 5 cm) were immersed in the mixture after
increasing the temperature to 80 °C and stirred at 150 rpm for 1
hour. After that, 5 mL of AC was added dropwise to the mixture
and stirred for another 10 minutes.

The mixture, containing the cellulose papers, was then aged
at room temperature for 24 hours, allowing the modified SiO, to
settle uniformly across the surfaces. After 24 hours, dipped
papers were removed from the solution and dried at 80 °C for an
hour. The superhydrophobic papers were then tested and
characterized using different techniques.

2.3 Characterization

The surface morphology of modified and unmodified papers
was obtained using Hitachi SU6600 FE-SEM Scanning Electron
Microscope (SEM) and the elemental distribution of treated
paper was examined using the Energy-Dispersive X-ray (EDX)
mapping images obtained from the SEM. The chemical analysis
of paper samples was performed using Bruker Vertex80 Fourier
Transform Infrared Spectrometer (FTIR). The hydrophobicity of
papers was assessed by WCA measurements using Kruss
(DSA25S) Drop Shape Analyzer, WSA measurements using
Image] Software, and the surface asperity of engineered papers
was examined using Park Systems XE 100 Atomic Force Micro-
scope (AFM). All characterizations were carried out at the Sri
Lanka Institute of Nanotechnology (SLINTEC) in Homagama,
Sri Lanka.

2.4 Tests for self-cleaning and durability

Soil particles and mud were employed to test the self-cleaning
ability of the modified paper. A layer of soil particles and
a drop of mud were spread on the two treated papers, and water
droplets were allowed to roll off from the surface of the
contaminated superhydrophobic papers. The durability of the
engineered paper was assessed by measuring the static WCA of
water droplets on its surface, following exposure to various
external disturbances. The superhydrophobic papers were
subjected to a variety of external perturbations, including
strong acid, strong base, and various everyday beverages such as
tea, milk, coffee, carbonated beverages, malted beverages, and
food dye. For acid-base chemical resistance testing, rectangular
coated paper specimens (2 cm X 4 cm) were immersed in 20 mL
of aqueous solutions with controlled pH values of 1, 3, 7, 11,
and 13 for a duration of 1 hour at room temperature (~27 °C).
Following immersion, the samples were thoroughly rinsed with
deionized water to remove residual chemicals and were subse-
quently dried under ambient conditions. To evaluate any
alterations in surface wettability resulting from chemical
exposure, the static WCA was measured using deionized water

© 2025 The Author(s). Published by the Royal Society of Chemistry
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at neutral pH. This approach ensured consistent and reliable
comparison of hydrophobic performance across all treated
samples, independent of the pH of the immersion medium.
Evaluation of the superhydrophobicity of the paper against
mechanical abrasion was tested using a handcrafted abrasion
testing apparatus.

2.5 Tests for mechanical strength

The tensile strength of both coated and uncoated papers was
determined using an Instron 3365 Tensile Tester at the Sri
Lankan Institute of Nanotechnology (SLINTEC) in Homagama,
Sri Lanka. The average values at maximum stress were deter-
mined by measuring 4 samples of both coated and uncoated
paper. The measurement was done using the paper's dimen-
sions of 8 cm x 1 cm. To evaluate the mechanical flexibility of
the superhydrophobic coating the treated paper was manually
bent back and forth along the same axis several times to form
a crease. In each bending, the crease was examined for any
visible cracking, delamination, or loss of superhydrophobicity,
such as reduced water repellency or localized wetting along the
fold.

2.6 Tests for writability and printability

The writability and printability of the treated paper were eval-
uated to determine its suitability for practical applications.
Writability was tested using a ballpoint pen, graphite pencil,
and permanent marker to observe how different writing tools
interact with the low surface energy surface. Printability was
assessed using an inkjet printer (EPSON L130 Ink Tank Printer)
and a laser printer (Toshiba E-Studio 3015AC Colour Laser
Photocopier), representing both ink-based and toner-based
printing technologies.

3. Results and discussion

3.1 Process of preparation of superhydrophobic cellulose
paper via modified silica colloidal deposition

The fabrication of the superhydrophobic coating on cellulose
paper is based on a sol-gel reaction mechanism involving the
acid-catalyzed hydrolysis and condensation of organosilane
precursors. In this process, TEOS was first dispersed in xylene,
a nonpolar solvent chosen not only for its compatibility with the
hydrophobic silanes and inert interaction with cellulose fibers
but also for its ability to facilitate the formation of a homoge-
neous sol.** MTES and PFOTES were subsequently added to the
precursor solution. Under acidic conditions (adjusted to pH ~3
using acetic acid), silanes undergo hydrolysis, producing reac-
tive silanol (Si-OH) groups. These silanols then condensed to
form siloxane (Si-O-Si) linkages, leading to the formation of
a crosslinked silica network. MTES contributed methyl func-
tionalities that lower surface polarity, while PFOTES introduced
long-chain perfluoroalkyl groups that significantly reduce
surface energy.*>** MTES was specifically selected as an alter-
native to significantly reduce the overall use of PFOTES, thereby
lowering the fluorine content in the coating while preserving
the desired superhydrophobic properties. As a result, the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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evolving silica sol becomes both structurally robust and chem-
ically modified for surface functionalization.

Upon immersing cellulose paper into this reactive sol at
elevated temperatures, the functionalized silica nanoparticles
get adhered to the hydroxyl-rich cellulose fibers via hydrogen
bonding and potential covalent bonding through siloxane
linkages.**** To further enhance the interfacial adhesion and
mechanical durability of the coating, an adhesive component
(Nippon AC) was incorporated directly into the same sol-gel
bath. This acrylic-based binder consists of solid acrylic polymer
and amorphous SiO,, both dissolved in xylene, ensuring excel-
lent miscibility with the sol-gel matrix. Here, this solid acrylic
polymer was synthesized via the copolymerization of four types
of monomers, resulting in a solvent-based film-forming binder
that contributes structural reinforcement without compro-
mising the surface energy profile of the coating. Its integration
into the silica sol provides strong interfacial bonding between
the inorganic silica phase and the organic cellulose substrate,
thereby improving the coating's resistance to mechanical stress
and environmental degradation.

Then the system was aged under ambient conditions to allow
for complete gelation and network consolidation, driven by the
continued condensation of residual silanol groups.*® Volatile
byproducts were eliminated through the final thermal treat-
ment, which resulted in a permanently stabilized nano-
structured, low-surface-energy layer and yielded a robust and
durable superhydrophobic surface on the cellulose paper. The
key innovation of this method was demonstrated through its
single-step dip-coating approach, in which surface functionali-
zation, structural reinforcement, and coating deposition were
simultaneously achieved within one unified process. This con-
trasted with conventional multi-step protocols, where sol-gel
synthesis, surface modification, and binder application are
typically conducted separately, often requiring intermediate
drying, curing, or chemical treatments.”>** By enabling the
integration of sol-gel chemistry with polymeric adhesion in
a single formulation, the proposed approach was established as
a streamlined and scalable alternative for producing high-
performance superhydrophobic coatings on cellulose papers.
Process complexity and time were reduced, while interfacial
incompatibilities were minimized, leading to improved coating
uniformity and reproducibility.

3.2 Surface morphology and roughness

SEM image analysis was used to compare the surface texture of
paper before and after superhydrophobic coating treatment.
Cellulose papers are manufactured by connecting a large
number of pure cellulose fibres as a network, providing
a smooth surface (Fig. 1a and b).">*” After the superhydrophobic
treatment, the smooth paper surface became rough due to the
deposition of SiO, microbeads with nano-micro scale
mountain-like wrinkled coating on each bead (Fig. 1c, d, e, and
f). This micro-nano hierarchical structure of the treated paper
surface increases the area of air trapping through multilayer
deposition roughness of the coating, significantly enhancing
hydrophobicity by reducing surface energy.’***** The SEM

RSC Adv, 2025, 15, 32721-32731 | 32723
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Fig. 1 SEM images of untreated papers (a) at low (b) at high magnifi-
cation, treated paper with superhydrophobic coating (c) at low (d) at
high magnification same magnification as the untreated paper images,
(e) SiO, microbeads, and (f) SiO, microbeads covered by nano-micro
scale mountain-like wrinkled structure.

images also revealed that the cross-linking of the acrylic binder
between SiO, microbeads further enhances the hydrophobicity
of the coating and promotes nanoparticle aggregation during
solvent evaporation.*®*!

The superhydrophobic surface observed in this study was
successfully achieved through the synthesis of SiO, microbeads
and their subsequent modification with hydrophobic silanes.
Initially, TEOS underwent hydrolysis and condensation, leading
to the formation of SiO, microbeads, where the -OH bonds in
the untreated paper were replaced with Si-O bonds.**** The
introduction of PFOTES and MTES resulted in further hydro-
lysis and condensation, promoting the development of a nano-
micro scale, mountain-like wrinkled structure on the micro-
beads. This structure, driven by the self-assembly of hydro-
phobic chains, effectively blocked -OH bonds and hindered
water droplets from making contact with the surface. The cross-
linking of the acrylic binder between SiO, nanoparticles
contributes to an additional enhancement of hydrophobicity in
the coating.* The combination of the rough surface texture,
cross-linking of the acrylic binder and the air pockets trapped
between the SiO, microbeads contributed to the super-
hydrophobic behaviour, as illustrated in Fig. 2.

Fig. 3 displays the cross-sectional SEM image of the coated
paper, which clearly demonstrates that the superhydrophobic
coating had penetrated throughout the full thickness of the
paper, rather than forming a discrete surface layer. This
morphology indicated substantial infiltration of the coating
into the substrate, attributed to both the intrinsic absorptive
behaviour of the cellulose paper and the specific parameters
employed during the coating process. The cellulose paper
featured a highly porous microstructure, consisting of an

32724 | RSC Adv, 2025, 15, 32721-3273]

View Article Online

Paper

(a)

<—— Water droplet

Hydrophobic -CF2, -CF3 and -CH3 groups

containing chains in PFOTES and MTES
Si02 micro beads formed by TEOS

m . <— Cellulosic paper
Acryllc cross-linking

Air cushlon

(b)

Cellulosic paper

Fig. 2 (a) Schematic representation of the formation of the super-
hydrophobic layer on the paper surface, illustrating the processes of
SiO, microbeads synthesis and silane modification combined with
acrylic cross-linking, and (b) chemical structure showing the combi-
nation of TEOS, PFOTES, and MTES on the paper surface, highlighting
the bonding interactions and formation of the hydrophobic layer.

interconnected network of fibres and voids, which readily
facilitated the absorption of the coating solution.****> The low
viscosity of the superhydrophobic solution further promoted its
penetration into the micro- and nano-scale pores within the
fibre network. Process conditions, including a prolonged dip
time (24 hours aging) and a slow drying rate (1 hour at 80 °C),
extended the paper exposure to the coating in its liquid phase,
thereby enhancing capillary-driven infiltration.*>*® This effect
was further amplified by the narrow inter-fibre channels that
generated strong capillary forces, effectively drawing the coating
deep into the paper matrix.*® As a result, a distinct surface layer
was not observed, making it difficult to assess the coating
thickness by conventional cross-sectional imaging. To quanti-
tatively estimate the amount of coating deposited, gravimetric
analysis was conducted by measuring the weight difference
between coated and uncoated samples. Ten samples coated
individually (2 cm x 2 cm) were analysed using an analytical
balance. The average mass gain was 0.54 mg cm ™, indicating
fibre network successfully absorbed the coating and retained
synthesized superhydrophobic particles after drying.

Fig. 3 (a) SEM image of the treated paper surface showing coating
material penetrating into the paper matrix, without forming a distinct,
continuous coating layer on the surface, and (b) SEM image illustrating
the deposition and distribution of coating particles within the fibrous
structure of the paper, indicating internal absorption.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.4 (a) SEMimage utilized for EDX mapping, (b) EDX analysis, and (c)
elemental mapping images.

The homogeneous distribution of C, F, O, and Si elements
observed in the EDX mapping images (Fig. 4) further confirms
the uniform coverage of the treated paper with TEOS, PFOTES,
MTES, and the acrylic binder. The widespread presence of F
atoms in the analysed area indicates that the surface was
thoroughly coated with PFOTES, which offers superior water
repellency compared to MTES. In this context, the -CH; groups
derived from MTES contribute to hydrophobicity, while the -
CF; groups introduced by PFOTES significantly enhance
hydrophobic performance by further lowering the surface
energy.**” The hierarchy of functional groups affecting surface
energy reduction is -CH, < -CH; < -CF, < -CF,H < -CF;.*""
Therefore, combining PFOTES with MTES yields superior
performance compared to using MTES alone.

The AFM image analysis also shows the hierarchical struc-
ture with micro-nano scale roughness. The superhydrophobic
coating applied on the smooth non-treated paper has an
average surface roughness (Ra) of 124 nm, as determined by
AFM (Fig. 5a and b). This indicates that the applied coating
created micro clusters and the micro-nano dual structure on the
paper, resulting in superhydrophobicity.*>**

3.3 Chemical composition

The FTIR spectra of non-treated and treated paper surfaces are

illustrated in Fig. 6a and b. The non-treated paper spectrum
1

shows an absorption band at 3332 cm™ °, which corresponds to

Fig. 5 AFM images of (a) non-treated paper, and (b) treated paper.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 FTIR spectra of (a) non-treated paper, and (b) treated paper.

! and

the stretching of -OH in cellulose.**** Bands at 2899 cm ™
1341 cm™' correspond to the stretching and deformation
vibrations of the -CH, groups in the glucose units of paper
cellulose.® An absorption band at 872 cm™ " suggests B-glyco-
sidic connections between glucose units in cellulose.” The
signals at 1237 cm ™" and 1013 cm™ ' are the -C-O- group of
secondary alcohols and ethers in the cellulose chain
backbone.*** The sharp band at 1714 cm ' reflects the
carbonyl groups added to the cellulose in the oxidative and
reductive bleaching processes of the paper.*

The presence of SiO, from TEOS, MTES, and PFOTES results
in asymmetric stretching and bending vibration of Si-O-Si
bonds, which causes the absorption bands at 1051 cm ™" and
812 cm ! on the treated paper surface.’® The two absorption
bands at 656 cm ™, 1237 cm ™', and 1264 cm ™" are caused by -
C-F stretching vibrations of the PFOTES molecules' -CF; and -
CF, groups.® In comparison to Fig. 6a, the broad band at
3332 ecm ' is much less intense in Fig. 6b. This is due to -OH
stretching vibrations from the residual hydroxyl groups in the
cellulose after superhydrophobic treatment. The C-O-C pyra-
nose ring skeletal vibration is represented by a strong band
around 872 cm ™', as seen in Fig. 6a.°** The peaks at 2920 cm ™"
and 2857 cm ' are associated with the asymmetric and
symmetric stretching vibrations of -CH, groups in MTES,
PFOTES, acrylic binder, and cellulose, respectively. The peak at
1468 cm ™! corresponds to the -CH, and -CH; deformation
vibrations of the acrylic binder.* The bands mentioned above
in non-treated papers remained the same in treated papers as
well. Prominent bands at 1021 cm ™" and 1140 cm ™" indicate Si-
O-C bonds, revealing that silane molecules are securely bound
to the cellulose in the paper surface.*»*** These findings
demonstrate that TEOS, MTES, acrylic binder, and PFOTES
molecules can self-assemble on the paper surface, forming
a superhydrophobic layer there.

RSC Adv, 2025, 15, 32721-32731 | 32725


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra05937b

Open Access Article. Published on 10 September 2025. Downloaded on 12/8/2025 9:32:17 PM.

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

(cc)

RSC Advances

3.4 Wettability

Non-treated papers are readily deformed when in contact with
water. After applying the superhydrophobic coating, water
droplets immediately roll off from the paper surface due to the
potent water-repellent property of the coating. Water droplets
have a WCA of 152° + 2° and a WSA of 7° £ 0.5° with the treated
paper surface, forming a mirror-like reflection when immersed in
water and remains non-wet after removal. This implies the
presence of an air cushion between the treated paper surface and
water, due to the developed dual hierarchical roughness on the
paper surface to provide outstanding water repellency.*>** (Fig. 7)

Here, to evaluate the uniformity of the superhydrophobic
coating, static WCA measurements were conducted at ten
randomly selected locations on a coated paper sample. The
measured WCAs ranged from 150° to 155°, with a standard
deviation of 1°, indicating excellent surface uniformity. Repro-
ducibility was assessed by independently fabricating five coated
paper samples (2 cm x 2 cm) under identical conditions at
room temperature (27 °C). These samples exhibited WCAs
within the same range, confirming the high reproducibility of
the coating process.

3.5 Self-cleaning and durability

All natural surfaces accumulate dirt over time, and cleaning
them can be both time-consuming and detrimental to the
environment due to the use of harsh surfactants and chemicals.
A promising solution to this issue is the application of super-
hydrophobic coatings, which allow contaminants to be easily
removed from surfaces with minimal effort. To test the self-
cleaning capabilities of these coatings, mud and soil particles
were applied to modified paper surfaces. A drop of mud and
a layer of soil particles were spread across the treated paper, and
water droplets were then allowed to roll off the surface. As the

Fig. 7 (a) Water contact angle of treated paper, (b) water sliding angle
of the treated paper, (c) water roll off from the treated paper surface,
and (d) mirror-like reflection of the paper surface when the treated
paper is immersed in water.
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Fig. 8 (a) Self-cleaning test for treated paper with mud, (b) self-
cleaning test for non-treated paper with mud, (c) self-cleaning test for
treated paper with soil particles, (d) oil absorption of treated paper, and
(e) spherical droplet formation by different beverages and dyes on
treated paper.

water droplets moved across the contaminated super-
hydrophobic paper, they effectively carried away the mud and
soil particles, as shown in Fig. 8a, b, and c.

The key to this self-cleaning behavior lies in the micro- and
nano-scale roughness of superhydrophobic surfaces. These
microscopic structures create a high WCA, causing water
droplets to bead up and roll off the surface with ease. As the
droplets move, they pick up and carry away contaminants,
which have low adhesion to the rough surface. The result is that
dirt and debris are efficiently removed without the need for
aggressive scrubbing or chemical cleaners. This ability to repel
water and contaminants not only makes superhydrophobic
surfaces ideal for cleaning but also contributes to reducing the
environmental impact of traditional cleaning methods, offering
a more sustainable solution to maintaining natural surfaces.'>*
While superhydrophobic coatings are highly effective at repel-
ling water, they may not exhibit the same level of repellency
toward all liquids and contaminants, particularly oils and
greases, which are prevalent in the oil and gas construction
industry.** In many cases, these coatings display oleophilic
characteristics, whereby they repel water but simultaneously
attract or absorb oils. The superhydrophobic paper surface
developed in this study exhibited such selective wettability,
demonstrating effective oil absorption alongside water repel-
lency. This combination of properties rendered it a promising
candidate for practical applications in oil-water separation
(Fig. 8d).

The feasibility of the coating was evaluated using various
water-based beverages, including tea, milk, coffee, carbonated

© 2025 The Author(s). Published by the Royal Society of Chemistry
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drinks, malted beverages, and food dyes, to assess its liquid-
repellent performance. As shown in Fig. 8e, the treated paper
surface exhibited typical superhydrophobic behaviour, with all
liquid droplets forming nearly perfect spheres and a high WCA
of 150°-152° (exceeding the 150° threshold for super-
hydrophobicity). In addition, the droplets rolled off easily at
a low WSA of 8°-9° (below the 10° criterion), demonstrating
excellent water repellency and significantly enhancing the
surface's potential for practical applications.

The mechanical endurance of the superhydrophobic paper
surface was determined using an abrasion test on sandpaper (P-
2000 grit). Superhydrophobic paper measuring 2.5 cm x 2.5 cm
and weighing 50 g was placed on sandpaper and pushed 10 cm
back and forth using the handcrafted abrasion test apparatus.
The rotational motion was performed at a rate of 12 cycles per
minute. After 50 abrasion cycles, the treated paper retained
a WCA of more than 150° and remained entirely dry after
immersion in water, showing long-term water repellency
(Fig. 9a and b).

Tensile tests were conducted on both treated and untreated
paper samples, and the tensile strength of the non-treated
paper increased from approximately 2 MPa to approximately
6 MPa after being treated with a superhydrophobic coating
(Fig. 9c¢). The application of superhydrophobic treatment led to
a significant increase in the modulus of elasticity (Young's
modulus) of untreated paper, rising from 285.02 MPa to
620.94 MPa, thereby enhancing the stiffness and resistance to
deformation of the paper. The long-term durability of treated
paper was evaluated in chemically hostile circumstances at
various pH values. Corrosion from strong acidic or basic liquids
can erode the geometrical microstructure of a solid surface,
leading to a shift in contact angle.”” It showed that the wetta-
bility of the coating still preserves its superhydrophobicity in
the pH range from 5 to 11 (Fig. 9d).

Further, after bending the treated paper 5 times, the crease
exhibited strong water resistance (WCA-150°), indicating that the
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Fig. 9 (a) Abrasion test, (b) graph of WCA under different abrasion
cycles, (c) tensile measurements of treated papers (graphs in the above
figure) and non-treated papers (graphs in the below figure), and (d)
variations in superhydrophobicity of treated paper across different pH
levels.
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Fig. 10 (a) water flowing along the crease of treated paper after
bending 5 times, and (b) the treated paper after exposure to water flow
along the bent line.

superhydrophobic coating adhered well to the paper surface, as
shown in the cross-sectional SEM images (Fig. 3). This observa-
tion suggested that the coating maintained its structural integrity
and functional properties even under mechanical deformation.
The persistence of water repellency along the fold line demon-
strated the robustness of the coating-substrate interaction, con-
firming that the treatment not only forms a uniform hydrophobic
layer but also possesses mechanical durability, which is crucial
for practical applications where flexibility and handling are
required (Fig. 10a and b).

3.6 Writability and printability

Many superhydrophobic papers reported in the literature fail to
accommodate ink adhesion due to excessively low surface
energies, resulting in ink beading, smearing, or complete
rejection.®>*® These limitations hinder their applicability in
settings where direct user interaction or printed information is
essential. The superior performance observed in our study ari-
ses not from conventional ink-substrate interaction mecha-
nisms alone, but from a deliberate and optimized design that
integrates surface topography and chemistry. This allows the
material to function effectively in practical applications that
demand both high water repellency and reliable ink adhesion.
After treatment with the novel superhydrophobic coating, the
paper retained a visual and tactile quality similar to that of
untreated cellulose paper, enabling smooth and effective ink
deposition using standard writing instruments and printing
techniques.

The treated paper retained its superhydrophobic properties
after being written on with a pen, pencil, or permanent marker,
as illustrated in Fig. 11a-d. The measured WCA for the pristine
surface was 152.7° + 1°, exhibiting only slight reductions after
writing: 151.4° 4+ 1° with the pen, 152.0° + 1° with the pencil,
and 150.5° + 1° with the permanent marker. These marginal
variations in WCA indicated that the water-repellent function-
ality of the paper remains largely intact despite the application
of different writing instruments.

The enhanced writability of this superhydrophobic paper
resulted from a carefully engineered combination of surface
morphology and chemical composition with a more balanced
surface energy compared to traditional superhydrophobic coat-
ings. This allows sufficient water repellency while retaining
localized high-energy regions that promote ink anchoring.®” The
hierarchical micro- and nanoscale roughness plays a crucial role
in this behavior. These surface textures trap air and maintain
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Fig. 11 Comparison of water resistance on written surfaces: (a) non-
treated paper written with the pen, (b) treated paper written with the
pen, (c) treated paper written with the pencil, and (d) treated paper
written with the permanent marker.

water repellency, yet also provide capillary sites where ink can
adhere through localized interactions.”*® The ink, which
contains oil-based solvents and pigments or dyes, partially wets
the surface via capillary action and spreads within the texture
without excessive smearing or runoff. These interactions are
further governed by surface energy modulation, which enables
the formation of well-defined and stable markings.

During the writing process, the ink solvents contribute to
a secondary mechanism that enhances ink fixation. Specifically,
the solvents in ink can partially dissolve the superhydrophobic
coating, allowing the ink to penetrate toward the underlying
paper matrix. As the solvent evaporates, the dissolved coating
components re-deposit as a thin, transparent layer, effectively
sealing the ink in place. Simultaneously, the ink pigments or
dyes become mechanically interlocked within the porous paper
structure. This process enhances both the durability and clarity
of the written content, while the surface retains its
superhydrophobicity.

Remarkably, the paper also retained its superhydrophobic
characteristics even after printing with the laser printer, as
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Fig. 12 Comparison of water resistance on printed paper surfaces: (a)
untreated paper with black and white printing, (b) treated paper with
black and white printing, (c) untreated paper with colour text printing,
(d) treated paper with colour text printing, (e) untreated paper with
colour figure printing, and (f) treated paper with colour figure printing.

32728 | RSC Adv,, 2025, 15, 32721-32731

View Article Online

Paper

2025 IANUARY
MTWTFSss '
ED e
6 7 8 ° Wn 2 3 5
£ 3 EERRTSRCIR T 1
20020 2 23 BB W 2 2
E Y LY - ] ABMDABD ADD
2025 MAY 2025 JUNE 2025 JUY 2028 AUGUST
MTWTESS NTWTFESS MTWTFSS uTwrsss
| BRI 1 i 23e 58 y 2y
210
s s 78 o%mn 23¢ssHls 78 9@nnn 43
@M sevw SOURRWE wsBIEYD IR e
A mmuz WURWRAR N2 57
g:anzn BABBTBD BB iy
2025 2025 ocToBER 2025
e i s sl W
‘ 12345
7 e omuz 34
18 15 16 17 18 19 W‘;
anunzsu";
%29 2N M.z
= =

Fig. 13 Superhydrophobic desk calendar.

illustrated in Fig. 12a-f. The measured WCA of 150.2° & 0.5° on
the printed surface confirmed that the laser printing process
had minimal impact on the water-repellent performance of the
surface, demonstrating the robustness and durability of the
superhydrophobic coating. In contrast, inkjet printing proved
ineffective, as the water-based ink was unable to adhere to the
treated surface due to the high repellency of the super-
hydrophobic layer.**”° This difference is attributed to the con-
trasting printing mechanisms: inkjet printing relies on ink
wetting and binding to the substrate, which is hindered by the
low surface energy of superhydrophobic materials, leading to
poor adhesion and print failure.”* In contrast, laser printing
uses dry toner fused to the surface through heat and pressure,
a process independent of surface wettability. This allows for
effective toner adhesion and durable print quality, while
preserving the water-repellent properties of the surface.”>”* As
demonstrated, laser printing is thus a more suitable and reli-
able method for marking superhydrophobic papers.””>

Fig. 13 illustrates the practical application of the super-
hydrophobic paper as a desk calendar. An ivory board was
coated with the superhydrophobic coating and printed using
a RICOH Pro C5210S laser printer.

Overall, the findings demonstrated that it is possible to
reconcile superhydrophobicity with writability and printability
through strategic surface engineering. The resulting material
holds promise for multifunctional applications such as water-
resistant documents, self-cleaning labels, anti-fouling coat-
ings, and advanced printable substrates for electronics, pack-
aging, or security printing. This represents a significant step
forward in expanding the practical utility of superhydrophobic
surfaces beyond passive water resistance.

4 Conclusions

This study developed a simple and effective method for creating
superhydrophobic paper using the dip coating technique. The

© 2025 The Author(s). Published by the Royal Society of Chemistry
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experimental  results showed that forming nano/
microstructures on the treated paper surface created super-
hydrophobicity with a WCA of 152° + 2° and a WSA of 7° £ 0.5°.
The deposition of SiO, microbeads with nano-micro scale
mountain-like wrinkled coating on paper maintained super-
hydrophobicity even after 50 abrasions on sandpaper and
increased the tensile strength from ~2 MPa to ~6 MPa
compared to untreated paper. The modified paper exhibited
excellent self-cleaning ability and retained superhydrophobicity
when exposed to various liquid solutions such as acids & bases
(pH 5-11), everyday beverages, and food colors. Importantly,
engineered paper has the ability to print and write, and the
water repellent properties of the paper are maintained after
printing or writing due to the precisely built oleophilic and
hydrophobic coating on its surface. This innovative, simple dip
coating approach generates superhydrophobicity on the surface
of paper, which opens up the possibility of expanding the range
of practical applications for paper by designing super-
hydrophobic books, newspapers, magazines, and paintings.
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