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The development of superhydrophobic and/or superoleophobic materials has been attracting the atten-
tion of the scientific community due to their wide range of applications. In this work, waterborne nano-

composite coatings were developed to be deposited onto flexible polyethylene films in order to modify

them into superhydrophobic and even superoleophobic. The coatings consisted of either a low surface

energy mixture of silanes/siloxanes or a fluoropolymer in conjunction with the appropriate inorganic

nanoparticles that provide the necessary roughness; the effects of nanoparticle type and content on the

behaviour was investigated. In both cases, the surface properties were investigated, and the polymer films
were found to be superhydrophobic. Depending on the system utilized, the final material exhibited either
low water adhesion, thus, being water repellent, or high water adhesion. The use of the fluoropolymer has
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1. Introduction

The interest in superhydrophobic surfaces has grown signifi-
cantly over recent decades due to their wide range of appli-
cations as well as their importance in fundamental research.”?
Self-cleaning surfaces,*” anti-fouling®® and self-healing
materials,”'® stain resistant textiles'™™® or anti-icing
coatings'®'® are examples that demonstrate the significant
potential of such materials. Surfaces can be classified as super-
hydrophobic and water repellent when the contact angle of a
water droplet is higher than ~150° and the contact angle hys-
teresis is less than'®'” ~10° or as superhydrophobic with high
water adhesion, when the water contact angles are similarly
high but the contact angle hysteresis is high as well."®'® The
main strategy employed for the development of superhydro-
phobic materials is mimicking superhydrophobic biosurfaces
in nature by exploring various surface compositions and struc-
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led to coatings that exhibited superoleophobic behaviour for various organic compounds, as well. The
application of the coatings did not influence either the optical transparency or the thermal properties of
the polyethylene films. Moreover, the coated surfaces show similar or even better mechanical properties,
scratch resistance and chemical durability in comparison to the neat LDPE film.

tures observed in different plants and/or insects.”® One of the
most famous examples of superhydrophobic and water repel-
lent surfaces in nature is the sacred Lotus leaf (Nelumbo
nucifera);>"** its behaviour is attributed to the dual-scale hier-
archical roughness created by the papillose epidermal cells of
the leaf (at the ~5-10 micrometer length scale) combined with
the additional layer of hydrophobic epicuticular waxes (at the
~100 nm length scale).”® The superhydrophobic and water
repellent character leads to self-cleaning surfaces, where the
water droplets can roll off the surface of the leaf, thus, remov-
ing any dust particles. Similar behaviour is observed in other
plants as well, like taro or rice leaves.>* Moreover, shark skin,
duck feathers, gecko feet and the wings of insects are other
examples in animal life, which exhibit highly hydrophobic pro-
perties, whereas the corrugated surfaces on the duck feet
entrap air pockets, which prevent the adhesion of water.>> At
the same time, the presence of superhydrophobic surfaces on
insects leads to prevention of water (and weight) accumulation
and bacterial growth, to low adhesion of foreign particles, as
well as to the rolling of water droplets, which entrain and
remove any contaminants stuck onto the surface.>*” It is,
thus, generally understood that it is the hierarchical roughness
of the micro/nano-structured surface in conjunction with the
appropriate hydrophobic chemical composition that control
the behaviour.** %

This journal is © The Royal Society of Chemistry 2023


http://rsc.li/nanoscale
http://orcid.org/0000-0001-8908-5909
http://orcid.org/0000-0003-0936-1614
https://doi.org/10.1039/d2nr06780c
https://doi.org/10.1039/d2nr06780c
https://doi.org/10.1039/d2nr06780c
http://crossmark.crossref.org/dialog/?doi=10.1039/d2nr06780c&domain=pdf&date_stamp=2023-04-11
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2nr06780c
https://pubs.rsc.org/en/journals/journal/NR
https://pubs.rsc.org/en/journals/journal/NR?issueid=NR015015

Open Access Article. Published on 22 March 2023. Downloaded on 12/8/2025 11:01:51 AM.

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

(cc)

Nanoscale

There are many chemical and physical methodologies uti-
lized to fabricate superhydrophobic surfaces;*® these are
usually categorized into two types, the top-down and the
bottom-up approaches, whereas their combination is fre-
quently used as well.>**> Among the most common techniques
are the templating method and lithography, which are top-
down methods that result in superhydrophobic surfaces with
controlled morphology.**** Chemical or plasma etching as
well as laser irradiation can develop surfaces with either
random or periodic roughness whereas further chemical modi-
fication can lead to the desired behaviour.***” Among the
bottom-up approaches, the most feasible in industry are
dipping,*®*® spraying®>*! or spin coating,’>* which are very
simple low cost physical deposition techniques.
Depending on the conditions (temperature, solvent evapor-
ation rate, solution concentration), these methods can lead to
the fabrication of thin films of organic materials even on
heterogeneous surfaces.*®

Much like superhydrophobic surfaces, superoleophobic sur-
faces have attracted the interest of the scientific community
also because of their multiple applications that include the
fabrication of corrosion resistant surfaces,”® the oil/water
separation,”® and the prevention of water pipe blockage by
oily impurities.>” However, the fabrication of superoleophobic
surfaces in air is much more challenging than that of superhy-
drophobic surfaces because of the much lower surface tension
of oils and organic liquids compared to water.’®

In cases when a surface coating is to be utilized, one can
introduce roughness, and even hierarchical roughness, on a
substrate by utilizing various nanoparticles, e.g., silica or
metal oxides.”® The substrates often used are metals, textiles,
fabrics, paper, wood surfaces and even stone monuments.®’®®
In all cases, the presence of the nanoparticles enhances the
roughness in the nanoscale, which together with the usually
inherent roughness in the micron scale can amplify the effects
of a hydrophobic chemistry to superhydrophobicity and, even,
water repellence. The type of nanoparticles utilized depends
on the desired properties of the surface. Zinc oxide nano-
particles are used for extra antibacterial and UV protection in
textiles and cotton fabrics.°*””' Similar properties can be
obtained by the presence of TiO, nanoparticles,”>”* because of
their photocatalytic ability.”* Silver nanoparticles can trans-
form a surface not only to superhydrophobic’ but also to oil
repellent.®> Copper can be used for its antibacterial pro-
perties”® and coatings with alumina particles can be repellent
to hot water.”” Silica, i.e., silicon dioxide nanoparticles, SiO,,
are widely used for water repellent and superhydrophobic coat-
ings via low cost dipping or spraying methods.”®’® They are
usually mixed with low surface energy materials such as silox-
ane emulsions® or fluorine based macromolecules®" and
hydrophobic polymers like polystyrene.®* Nanohybrid coatings
containing silica nanoparticles can be used in solar cells and
greenhouses because of their high transmittance in combi-
nation with their self-cleaning ability.**** Most of the works
that utilized inorganic nanoparticles to modify surface pro-
perties aimed at enhancing the hydrophobicity of hard solid

and
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surfaces and not flexible polymeric films, like, for example, the
ones of greenhouse films. It is noted that in the case of flexible
textiles, the materials to be modified exhibit a significant
inherent roughness and are not as smooth as a polymeric film.

In this work, we report the fabrication of superhydrophobic
and superoleophobic polyethylene flexible surfaces via an easy,
“industrially friendly” method. Waterborne nanohybrid disper-
sions containing a low surface energy polymer and inorganic
nanoparticles were utilized to form a coating onto the polymer
film surface by the dipping method and the surface properties
of the final film were investigated. Depending on the macro-
molecular chemistry and the size and concentration of the
nanoparticles, surfaces with contact angles ranging from 100°
to higher than 150° are developed. Contact angle hysteresis
measurements revealed that, depending on the chemistry of
the additive, surfaces can be developed with very low contact
angle hysteresis, i.e., water repellent with small roll off angles,
or with high hysteresis, ie., with high water adhesion.
Moreover, experiments with organic solvents revealed that the
coated substrates exhibit oleophobic or even superoleophobic
behaviour. Finally, the films were investigated for their optical,
thermal and mechanical properties and their chemical resis-
tance. It was shown that the presence of the coating does not
affect the optical and thermal properties with the transmit-
tance being very similar to that of the initial polymer film.
Moreover, the coated surfaces show similar or even better
mechanical properties, scratch resistance and chemical dura-
bility in comparison to the neat LDPE film. This fabrication
method can be directly introduced in the production line of
LDPE films to provide superhydrophobic and superoleophobic
properties with self-cleaning ability.

2. Experimental

2.1. Materials

Low density polyethylene, LDPE, films produced by melt
blowing for use in greenhouses were received from Plastika
Kritis S. A., Heraklion Crete, Greece. The polymer used was
ALCUDIA 2203F with a melt flow index 0.3 g per 10 min
(190 °C, 2.16 kg) and a density 922 kg m™>. The films were
used either right after their production by film blowing or
after they underwent corona treatment in order to increase
their surface energy, thus, affecting their wettability and the
adhesion of the extra coating.

Two different low surface energy materials were utilized for
the development of the coatings. One was a waterborne emul-
sion of silanes and siloxanes with the commercial name Silres
BS 4004 (50 wt% in water) from Wacker Chemie AG. The other
was a fluoroalkyl silanol in aqueous solution, with the com-
mercial name Dynasylan SIVO 121 (2 wt% in water) from
Evonik Industries AG. Moreover, two different kinds of in-
organic nanoparticles were used, silicon dioxide (SiO,) and
aluminum oxide (Al,O3), which were received and utilized in
the form of 40 wt% aqueous dispersions. The SiO, (Snowtex
ZL) nanoparticles with a radius of R = 67 nm (according to
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Dynamic Light Scattering and Transmission Electron
Microscopy measurements®) were obtained from Nissan
Chemical Industries LTD. The Al,O; nanoparticles (PG003),
with a radius of R = 75 nm, were obtained from Cabot
Corporation. It is noted that the solution of Dynasylan SIVO
121 exhibits an acidic pH (pH ~ 4) and this is why this solu-
tion is mixed with the dispersion of the PG003 alumina nano-
particles, which forms a good dispersion at an acidic pH (pH
~ 4-5), as well. Utilization of nanoparticles in neutral or basic
pH (like Snowtex ZL), instead of the alumina ones, would have
led to their precipitation in the dispersion, rendering it unsui-
table for use by the dipping method.

The coatings were prepared via a simple mixing of the
nanoparticle dispersions with the respective dispersion or
solution of the Silres or Dynasylan low surface energy
materials, respectively. The deposition of the coatings on the
LDPE substrates was performed via dipping. A small piece of
the LDPE film (4 cm x 1.5 cm) was immersed vertically in the
coating dispersion for 20 seconds and was subsequently
placed under vacuum overnight. Annealing of the coated films
was carried out under vacuum at 60 °C. The anticipated
mechanism of interaction of the components of the coating
and the LDPE film is as follows: both Silres and Dynasylan
possess —SiOH groups that can react, via condensation reac-
tions, with functional groups on the surface of the LDPE sub-
strate, which were formed during the corona treatment, result-
ing in chemical bonding to the substrate. Moreover, conden-
sation reactions can simultaneously take place between the
-SiOH groups of Silres BS4004 and the —-OH groups on the
surface of the SiO, nanoparticles leading to the formation of a
hydrophobic silicone film chemically bonded to the silica
nanoparticles. In the case of Dynasylan, such condensation
reactions can lead to the formation of a fluoropolymer also
chemically bonded with the LDPE surface and the alumina
nanoparticles.

2.2. Characterization

Contact angle measurements. Investigation of the surface
properties of the initial, the corona treated and the coated
LDPE films was performed with an OCA-35 contact angle
measuring device from Dataphysics, with a SCA-20 software.
The contact angle measurements were performed with the
sessile drop method (static contact angle) and the volume of
the drops used were usually 4 pL (rate 0.5 pL s ).
Furthermore, contact angle hysteresis measurements were
carried out by the tilting method, where the advancing and
receding angles were measured just before the drop begins to
move on the tilted substrate. In such measurement, the angle
at which the drop moves provides the roll off angle of the
surface for the particular drop volume. During the measure-
ment, the substrate was tilted from 0° to 90° at a constant rate
of 1° s~ whereas drop volumes between 4 L to 35 pL were
used. For the hydrophobicity measurements, nanopure water
was used utilizing a Hamilton 500 mL syringe and, for the
oleophobicity measurements, the organic solvents used were
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glycerol, 1,2-ethylene glycol and dimethylsulfoxide (DMSO)
using a manual syringe of 1 mL.

Scanning electron microscopy (SEM). The surface mor-
phology of the original LDPE and of the coated films was
imaged by a JOEL, JSM-7000F, field emission scanning elec-
tron microscope (FE-SEM). The microscope used has a high
resolution of 1.2 nm at 30 kV, with an accelerating voltage
from 0.5 to 30 kv and high focal depth (x10 up to 500.00). The
magnification of the images for the samples was x20.000 for
15 kV accelerating voltage.

Attenuated total reflectance-fourier transform infrared spec-
troscopy (ATR-FTIR). An IRAffinity-1S compact spectrophoto-
meter with a DLATGS detector in combination with a single
reflection diamond ATR accessory QATR10 by Shimadzu was
utilized for the spectroscopic characterization of the films. All
samples were measured in the wavevector range between
400-4000 cm™*, with a resolution of 4 cm™ and all measure-
ments were performed at ambient temperature. For back-
ground correction purposes, the corresponding spectra of the
empty chamber were recorded for each temperature whereas
special care was given so that no bands associated with CO, or
H,O were present after the background correction.

Mechanical properties. An Instron 3365 dual column
Universal Testing System having an extensiometer was utilized
to investigate the mechanical properties of all films. The film
specimens had a width of 10 mm. The crosshead speed was
set at 500 mm min " in accordance with EN ISO 527-3:1996

Abrasion tests. The scratch resistance of the films was evalu-
ated via a sand paper abrasion test. An aluminium oxide sand-
paper of 2000 mesh was chosen as the abrasion surface and
each film, having a weight of 100 g on it, was faced down to
the sandpaper and moved for 10 cm. The above process was
defined as 1 cycle of abrasion whereas overall more than 40
cycles were performed for each tested surface.

Differential scanning calorimetry (DSC). The thermal tran-
sitions of the LDPE substrates before and after the deposition
of the nanohybrid coatings were measured utilizing a
Discovery DSC250 calorimeter (TA Instruments). The experi-
ments were carried out in a range of temperatures from
—100 °C to 200 °C with a heating/cooling rate of 10 °C min™"
under inert nitrogen flow to prevent the decomposition of the
materials.

Light transmission. The effect of the coatings on the trans-
mittance of the polymer substrates was investigated using a
Perkin-Elmer Lambda 45 UV/Vis spectrophotometer in a wave-
length range from 400 nm to 1000 nm.

X-ray photoelectron spectroscopy (XPS). All measurements
were performed using a SPECS, FlexMod XPS spectrometer
equipped with a Mg/Al XR-50 dual anode X-ray Source and a
1D-DLD Specs Phoibos analyzer. The XPS survey and high-
energy resolution spectra were collected using MgKa radiation
(1253.6 eV) and a Flood Gun FG 22/35 electron beam gun (due
to the low conductivity of the samples). The pressure in the
chamber was in the range of 10° mbar. The elemental compo-
sition given as an atomic percentage (at %) was determined
from the XPS spectra using SpecsLabProdigy software.

This journal is © The Royal Society of Chemistry 2023
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3. Results and discussion

3.1. Characterization of LDPE substrates

The neat LDPE films were characterized to define their initial
surface properties. Fig. 1 shows representative water drops de-
posited on different positions of the neat LDPE films. Analysis
of the drop profiles provides a water contact angle of 97 + 3° in
agreement with values reported in the literature.®® This value
ranks the LDPE surfaces as slightly hydrophobic.

Contact angle hysteresis measurements were carried out to
determine the angle at which the water drops roll off the
surface. They were performed for different volumes of the
water drops, i.e., drops of 4, 10, 20 and 30 pL volume were uti-
lized. Fig. 2 shows snapshots of the water drops as the LDPE
substrates rotate. It is clear that, for the 4 pL and 10 pL

-
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volumes, the drops do not roll off even if the surface is tilted at
90° and it is only the drops of 20 pL and 30 pL volume that roll
off at 41° and 26°, respectively. At an angle just one degree
before rolling, the difference between the advancing and the
receding angles defines the contact angle hysteresis for the
specific substrate and in this case is calculated to be ~19°.
Therefore, neat LDPE is a slightly hydrophobic surface with
significant water adhesion. This is illustrated in the Video S1
of the ESI} as well.

The thermal properties of the LDPE film were measured
using DSC and its melting and crystallization temperatures
were determined as Ty, = 111 + 1 °C and T, = 101 = 1 °C in
good agreement with the literature values;®” the respective
measurement is shown as Fig. S1a in the ESL} The optical pro-
perties of the film were measured by UV-vis spectroscopy

o B

Fig. 1 Photographs of representative water drops of 4 puL deposited on different positions of a flat LDPE film.

o © 300 @

60 ® 900 ™

60° 90°

Drop 4

oo ® 300 ¥
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Fig. 2 Measurements of the roll off angles for water drops of 4, 10, 20 and 30 pL (from top row to bottom) on a neat LDPE film. The red numbers
on the up left corner shows the roll off angle for the 20 pL and 30 pL droplets, which are 41° and 26°, respectively.

This journal is © The Royal Society of Chemistry 2023
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(Fig. S2 in the ESI}) and showed 90% transmittance over the
whole wavelength regime investigated.

LDPE is a non-polar polymer with no functional groups
that could interact favourably with other (macro)molecules. In
order to be able to prepare a stable coating on an LDPE film,
its surface should be modified to increase its surface energy.
To achieve this, the LDPE films underwent a corona treatment,
which is a surface modification technique frequently used to
facilitate the deposition of waterborne solutions on hydro-
phobic films. It uses a low temperature corona discharge
plasma to impart changes in the properties of a surface. The
plasma is generated by the application of high voltage to a
linear array of sharp tip electrodes. During the corona treat-
ment, polar hydroxyl, carbonyl and carboxyl groups are formed
on the LDPE surface, thus, increasing its surface energy. Fig. 3
shows representative photographs of water drops deposited on
the corona treated LDPE film. It is obvious that, following the
corona treatment, the LDPE film becomes more hydrophilic
since the water drops now wet the surface with contact angles
of 55 + 3° measured ~40 min after the corona treatment; this
value increases with time when the surface remains at
ambient conditions and stabilizes at a value of ~70 + 3° after
26 h due to the attachment of hydrophobic impurities from
the environment. The contact angle remains constant at this
value even 20 days later.

The hydrophilic character of the LDPE corona is confirmed
by the measurement of the water roll off angles as well. Fig. 4
shows water drops of different volumes (4, 10, 20, 30 and
35 pL) deposited on LDPE corona treated surfaces that are
tilted up to 90°. No movement of the drop can be observed
even when the surface is in the vertical direction not only for
the smaller drops (as in the untreated LDPE) but for the 20 pL
drop as well. It is only for the larger (30 pL) drops that rolling
is observed at an angle of 53°, which is much higher than the
respective angle of 26° measured for neat LDPE. A high roll off
angle of 36° is observed even for the water drop of 35 pL,
which was the largest drop volume used. This behaviour is
attributed to the hydrophilic character of the corona treated
LDPE surface that demonstrates strong adhesion with water
preventing the rolling of the drops and the increase of the
contact angle hysteresis, which has reached values of ~30°.

View Article Online
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The morphology of the LDPE surface prior and after the
corona treatment was examined using SEM and representative
images are shown in Fig. 5.

A uniform surface was observed in both cases with no
important heterogeneities; its roughness was estimated, using
surface profilometry, at ~0.3 pm and ~0.4 pm before and after
the corona treatment, respectively, indicating that the pro-
cedure for the surface modification influences only its compo-
sition and not its topology.

3.2. Nanohybrid coatings with silanes/siloxanes and silica
nanoparticles

Waterborne nanohybrid coatings were developed to be de-
posited onto the flexible polymer films; the coatings should
contain proper film-forming organic agents that would provide
the appropriate hydrophobicity as well as nanoparticulate
additives that would provide the appropriate multiscale rough-
ness. The first system investigated is a commercial one, Silres
BS 4004, which is an emulsion containing mixture of silanes
and siloxanes, i.e., molecules of low surface energy. These
molecules have the ability to form a hydrophobic silicone film
when deposited on a surface containing hydroxyl groups.
Dynamic Light Scattering measurements showed that the
emulsion contains scattering moieties (“particles”) with a
hydrodynamic radius of R, = 85 nm, whereas DSC measure-
ments (shown in Fig. S3 in ESI{) did not reveal any thermal
transition in the temperature range 0-200 °C.

FTIR-ATR measurements were performed to verify the for-
mation of the Silres BS 4004 coating onto the film surface and
its possible interaction with the LDPE substrate. Fig. 6 shows
the spectra for the uncoated corona treated LDPE films and for
the substrate following the dipping in the Silres dispersion.

As can be seen in the ATR-FTIR spectra of Fig. 6, LDPE exhi-
bits four characteristic peaks attributed to the -CH, rocking at
719 cm™', the ~CH, symmetric wagging at 1360 cm™" or the
-CC stretching at 1360 em™', and the CH, antisymmetric
bending, and symmetric/antisymmetric stretching at 2850/
2910 cm™. In the spectrum of the sample coated with 2 wt%
Silres BS 4004, characteristic bands that correspond to Si-O or
Si-C vibrations can be identified in the range between
800-1250 cm™, due to the presence of the Silres on the

Fig. 3 Representative photographs of 4 uL water drops on different positions of a corona treated LDPE films.
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Fig. 4 Measurements of the roll off angles for water drops of 4, 10, 20, 30 and 35 pL (from top row to bottom) on a corona treated LDPE film. The
red numbers on the up left corner shows the roll off angle for the 30 uL and 35 plL droplets, which are 53° and 36°, respectively.
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Fig. 5 SEM images of a neat LDPE film surface (left) and a LDPE film after corona treatment (right).

polymer substrate. Moreover, the Si-O stretching vibration
observed at 1105 cm™" and 1025 cm ™" is attributed to Silres
molecules that are chemically bonded to each other and/or to
the corona treated substrate. Despite the low intensity of the
bands, probably because of the small thickness of the coating,
their presence proves that the coating is present onto the
polymer surface.

Additionally, X-ray Photoelectron Spectroscopy, XPS,
measurements were performed on the bare and the Silres
coated LDPE substrate and the measurements are shown in
Fig. S4 of the ESL} In the spectrum of the corona treated

This journal is © The Royal Society of Chemistry 2023

LDPE, two peaks can be observed at binding energies 284.5
and 530.8 eV corresponding to the C1s and O1s with relative
percentages 82.2:17.8. In the case of the corona treated LDPE
that was coated with a Silres BS 4004 dispersion of 2 wt% in
water, extra peaks at binding energies 99.9 eV and 150.9 eV are
observed, which correspond to Si 2s and Si 2p photoelectron
peaks. The surface atomic composition of the coated surface is
calculated as C:0:Si = 58.7:22.7:18.6. All compositions are
reported in Table S1 of the ESL.}

Emulsions of different concentrations of Silres BS 4004
were utilized to deposit coatings of different thicknesses onto

Nanoscale, 2023, 15, 6984-6998 | 6989
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Fig. 6 ATR-FTIR spectra of corona treated LDPE film (black), corona
treated LDPE coated with Silres of 2 wt% concentration in water (red)
and corona treated LDPE coated with the nanocomposite Silres/ZL 77%/
23% (blue).

the LDPE substrates, which had undergone corona treatment.
Fig. 7 shows the dependence of the water contact angle onto
these coatings measured as a function of Silres BS 4004
concentration.

A non-monotonic dependence of the contact angle on the
Silres BS 4004 content is observed. For low Silres BS 4004 con-
centrations, the presence of the coating causes an increase of
the contact angle values by approximately 30° in comparison
to the corona treated LDPE film, thus converting the surface to
a hydrophobic one. However, further increase of the concen-
tration results in a significant decrease of the contact angles
probably because of the large number of Si-OH groups of the

120 r T T T T T T T T T T

&> 100 /L e

100

Contact Angle (°
.
.
-
.
1

0o 1 2 3 4 5 6 7 8-

Silres BS 4004 Content (% wt)

Contact Angle (°)

o 10 20 30 40 50
Silres BS 4004 Content (% wt)

Fig. 7 Equilibrium contact angles of water drops measured onto
corona treated LDPE substrates coated with Silres BS 4004 as a function
of Silres BS 4004 concentration in water. The insets show enlarged the
low concentration regime as well as a representative photograph of a
water drop on the surface coated with Silres BS 4004 at 2 wt% concen-
tration, i.e., for the surface that exhibits the maximum contact angle.
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Silres BS 4004, which remain in excess on the surface and,
therefore, decrease its hydrophobicity. The Silres concentration
that resulted in the most hydrophobic surface with a
maximum contact angle of 103 + 2° was that of 2 wt% Silres BS
4004 in water. Hysteresis measurements for the specific sub-
strate showed that a water drop of 20 pL rolls off at a tilting
angle of 51°. It is, thus, concluded that coating the LDPE film
with Silres enhances its hydrophobicity resulting in a contact
angle higher than 100° and a hysteresis lower than that of the
LDPE film after the corona treatment. Fig. 8 shows SEM
images of the LDPE film coated with 2 wt% Silres BS 4004,
which reveals the presence of a uniform coating; its roughness
is estimated ~0.9 pm based on profilometry measurements.

In order to enhance further the hydrophobicity of the
coated LDPE films, nanoparticles were introduced in the
coating formulations in order to modify the roughness of the
surface in the nanoscale, in excess of the inherent roughness
of the polymer film, which was in the pm scale. Thus, the
coating would now exhibit multiscale roughness in the micro-
and in the nano-scale. To achieve this, a nanocomposite
coating was prepared based on the Silres BS 4004 emulsion
with 2 wt% concentration in water, which was the one that
exhibited the most hydrophobic behaviour upon coating the
LDPE surface, and silica nanoparticles. The SiO, nanoparticles
selected were the Snowtex ZL having a radius of R = 67 nm (as
measured by DLS and TEM) and dispersions with different
Silres/SiO, compositions were prepared and deposited onto
the corona treated LDPE surfaces. ATR-FTIR measurements
were performed in this case as well and they are also shown in
Fig. 6. The characteristic bands discussed above for the Silres
coated surface can be observed in this case as well; however,
the -Si related bands (Si-O, Si-Si) can be observed more pro-
nounced, due to the presence of the silica nanoparticles in the
coating.

Fig. 9 shows the dependence of the contact angle of the
LDPE surfaces coated with the nanohybrids, as a function of
the composition of the coating. For low concentration of nano-
particles, their presence does not really influence the values of
the contact angles, which remain similar with the ones of the
neat Silres coated film. However, for a nanohybrid coating
with more than 50 wt% of nanoparticles, a significant increase
of the contact angles is observed that reach values of 135 + 1°.
Moreover, hysteresis measurements showed that water droplets
can roll off the surface even for moderate hydrophobicity, i.e.,
below 50 wt% nanoparticles. For example, for 23 wt% ZL,
rolling angles of 30° and 21° are observed for water drops of
20 pL and 30 pL, respectively. Rolling is observed even for the
smaller water drops (10 pL) at 44°. Similar results are obtained
for a hybrid coating with 33 wt% of nanoparticles; in both
cases, the average hysteresis is calculated to be lower than 17°.
However, for compositions higher in nanoparticles, despite
the significant increase of hydrophobicity, even a large water
drop cannot roll off the surface as shown in the Video S2 of
the ESL ie., the surface shows a larger hysteresis even com-
pared to the neat LDPE, which corresponds to a surface with
significant water adhesion. Therefore, coating composition

This journal is © The Royal Society of Chemistry 2023
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Fig. 8 SEM images of the LDPE films, coated with Silres BS 4004 with concentration 2 wt% in water, at different positions.
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Fig. 9 Equilibrium water contact angles measured for coated LDPE film
surfaces utilizing aqueous dispersions, which contain Silres BS 4004
(2 wt% in water) and Snowtex ZL silica nanoparticles as a function of the
concentration of the nanoparticles in the coating. Photographs of water
droplets are shown for two different concentrations to demonstrate the
different surface properties of the coated LDPE films.

affects both the hydrophobicity and the water adhesion of the
surface in a non-monotonous way and one should carefully
choose the correct system depending on the desired
application.

Fig. 10 shows the surface morphology of LDPE surfaces
after the deposition of nanocomposite coatings with 33 wt%
(Fig. 10, left) and 67 wt% (Fig. 10, right) nanoparticles. The
surfaces appear very rough; however, they exhibit uniform
characteristics, which are responsible for the manifestation of
the observed surface properties.

It is noted that the surface properties of the coated LDPE
remain unchanged even after thermal annealing at 90 °C over-
night. Moreover, the presence of the nanocomposite coating
does not affect the thermal and optical properties of LDPE as
shown in Fig. S1b and S2, respectively, of the ESIL.}

A similar study, like the one discussed above, was carried
out utilizing Silres BS 4004 and SiO, nanoparticles of smaller
size (particle radii R = 7 nm and 14.5 nm, respectively). In

This journal is © The Royal Society of Chemistry 2023

those cases, the film surfaces coated with the nanohybrid coat-
ings containing ~30 wt% nanoparticles were found almost
superhydrophobic, since they showed contact angles even up
to 140°, however, with relatively high hysteresis of ~50°.
Nevertheless, following thermal annealing of the surfaces at
90 °C, the contact angles decrease to ~100°, similar to neat
Silres BS 4004 and, thus, these surfaces were not studied
further.

3.3. Nanohybrid coatings with a fluoroalkyl silanol and
alumina nanoparticles

The second system investigated is also based on a commercial
one that utilizes a fluoroalkyl silanol as the low surface energy
material. The material used is Dynasylan SIVO 121, which con-
tains three silanol groups and a fluoroalkyl chain with 4 to 6
fluorine atoms; it is stabilized in an aqueous solution at low
pH. Investigation of its thermal properties reveals no thermal
transitions in the temperature range between 0-200 °C (Fig. S5
of the ESIf). It is noted that Dynasylan SIVO 121 is commer-
cially available as a ready to use aqueous solution with 2 wt%
concentration; however, it was diluted in various concen-
trations to fabricate polymer coatings of different thicknesses
on the LDPE substrates. The coatings were deposited via the
dipping method. ATR-FTIR measurements (Fig. 11) were per-
formed in this case as well, to verify the presence of the
coating onto the substrate. For the substrate coated with
Dynasylan SIVO 121, the characteristic bands of LDPE as well
as the Si-O and Si-C vibrations at 800-1250 cm™, which were
already discussed in relation to Fig. 6, can be also observed,
while the appearance of additional bands at 1100-1400 cm™"
is associated with -CF, and CF vibrations. The bands of the
Si-O or Si-C vibrations are attributed to the silanol groups of
Dynasylan and those of the -CF, and CF vibrations to its
fluoroalkyl chain.

Additionally, XPS measurements were performed on a film
coated with the Dynasylan SIVO 121 of 1 wt% concentration in
water and the results are shown in Fig. S6 and Table S1 of the
ESIi together with the respective ones for the neat corona
treated LDPE for comparison. Photoelectron peaks at binding
energies 99.9 eV and 150.9 eV are observed and identified as

Nanoscale, 2023,15, 6984-6998 | 6991
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Fig. 10 SEM images of LDPE films, after the deposition of a nanocomposite coating consisting of (left) 67 wt% Silres BS 4004 and 33 wt% ZL nano-

particles and (right) 33 wt% Silres BS 4004 and 67 wt% ZL nanoparticles.
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Fig. 11 ATR-FTIR spectra of corona treated LDPE (black), corona
treated LDPE coated with Dynasylan SIVO 121 of 1 wt% concentration in
water (red) and corona treated LDPE coated with the nanocomposite
Dynasylan SIVO 121/PG003 66%/34% (blue).

the Si 2s and Si 2p peaks and at binding energy 684.9 eV attrib-
uted to F 1s, The atomic chemical composition of the coated
surface is calculated as C: O:Si: F=27.9:7.2:3.9:61.0.

Fig. 12 shows the values of the contact angles of water
drops on the corona treated LPDE film surfaces coated
with Dynasylan SIVO 121 from solutions of different
concentrations.

An increase in the water contact angles is observed with the
coating, which reaches values above 90° even when the LDPE
film is dipped in a very dilute solution (0.02 wt%). Further
increase of the concentration above 0.2 wt% results in even
larger increase of the contact angles, which reach and remain
constant at values ~120°; it is noted that this value is much
higher than the respective one obtained utilizing Silres BS
4004 which was ~103°. As mentioned above, Dynasylan is an
fluoroalkyl silanol and, when deposited on a corona treated
LDPE film, condensation reactions take place between the
hydroxyl groups of Dynasylan and the functional groups of the
corona treated LDPE. Through these reactions, the fluoroalkyl-
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Fig. 12 Equilibrium contact angles of water drops measured onto
corona treated LDPE substrates coated with Dynasylan SIVO 121 films as
a function of the Dynasylan concentration in water. The inset shows a
photograph of a water drop on the surface coated with Dynasylan at
1 wt% concentration.

silanol binds onto the polymer substrate and its fluorine
atoms, being very hydrophobic, remain on the surface, thus,
resulting on the significantly high values of the water contact
angles.

To further increase the water contact angles on the LDPE
substrates, an increase of its hierarchical roughness was
attempted via the addition of nanoparticles in the Dynasylan
solution; the solution of Dynasylan 1 wt% was chosen for the
preparation of the nanocomposite coatings. Because of the low
pH of the polymer solution, the nanoparticles used were
alumina nanoparticles of radius R = 75 nm with the commer-
cial name PGO003. These nanoparticles are provided in the
form of a dispersion at a pH of ~4.2 in water and, thus, they
can form a stable dispersion in the aqueous solution of
Dynasylan SIVO 121. The presence of the alumina nano-
particles in the nanocomposite coating was confirmed via
ATR-FTIR by the appearance of broad bands in the lower wave-

This journal is © The Royal Society of Chemistry 2023
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Fig. 13 Equilibrium water contact angles measured for corona treated
LDPE film surfaces coated utilizing aqueous dispersions containing
Dynasylan SIVO (at 1 wt%) and PG0O03 alumina nanoparticles as a func-
tion of the concentration of the nanoparticles in the coating. A photo-
graph of a water droplet is shown for a 50 wt% concentration of the
nanoparticles.

number range (550-800 cm™'), as well as by the characteristic
peak at 3400 cm™', as shown in Fig. 11.

Fig. 13 shows the water contact angle of corona treated
LDPE substrates coated with the nanocomposites containing
1 wt% Dynasylan and PGO003 at different nanoparticle
concentrations.

Increasing the alumina content (up to 20 wt%) results in a
weak increase of the contact angles by ~5°; further increase of
the concentration of nanoparticles leads to a more abrupt
increase with water contact angles reaching a maximum of 154
+ 1° at 60 wt% PGO003.

For nanohybrid coatings with nanoparticle concentrations
higher than 44 wt% in nanoparticles, a superhydrophobic
behaviour is observed. For these surfaces, a contact angle hys-
teresis of less than 5° is measured; thus, these surfaces can be
classified as both superhydrophobic and water-repellent.
Fig. 14 shows snapshots that demonstrate the bouncing and
rolling off of a water droplet of 10 pL from a corona treated
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LDPE surface subsequently coated with a 56 wt% Dynasylan
and 44 wt% PGO003 nanohybrid film at a tilting angle of 5°.
Video S3a of the ESI} shows the respective video whereas
Video S3bi demonstrates how a water drop is completely
repelled and is not able to even sit on a horizontal surface.

It is noted that thermal annealing of the coated surfaces at
90 °C do not alter the behaviour, which remains superhydro-
phobic and water-repellent. For example, for the surface that is
coated with 56 wt% Dynasylan and 44 wt% PGO003, the water
contact angle becomes 149 + 3° after annealing (it was 148°
before) and the contact angle hysteresis remains less than 5°.

Fig. 15 shows a SEM image of the surface morphology of a
LDPE substrate coated with 56 wt% Dynasylan SIVO 121 and
44 wt% PG003. It is clear that the surface topology, although
rough, is very uniform, which justifies the manifestation of the
observed surface behaviour. Further than the average rough-
ness in the scale of pm of the coated LDPE, measured by profi-
lometry to be ~2 pm, the presence of the alumina nano-
particles covering the entire surface and providing the extra
roughness in the range of a hundred nanometers is obvious.

The oleophobicity of the coated LDPE surfaces was exam-
ined as well. Fig. 16 shows photographs of drops of three
different organic solvents, glycerol, 1,2-ethylene glycol and di-
methylsulfoxide (DMSO), on a LDPE substrate coated with the
nanocomposite containing 56 wt% Dynasylan and 44 wt%
PG003 film. For all three solvents, the contact angles have
increased significantly after the deposition of the coating
when compared with the neat LDPE film, similarly to the case
of water.

Table 1, summarizes the results concerning the contact
angles for the three organic solvents together with the respect-
ive ones for water on the neat LDPE film surfaces and on sur-
faces coated with 56 wt% Dynasylan and 44 wt% PGO003. It is
obvious that the coated LDPE surface is superhydrophobic
and, at the same time, superoleophobic for glycerol and
strongly oleophobic for 1,2-ethylene glycol. Even in the case of
DMSO the surface is slightly oleophobic.

Finally, the UV-vis and DSC measurements confirmed that
the optical and thermal properties of the coated polymer films
were not influenced by the presence of the coating. UV-vis

'Y

|

Fig. 14 Water repellence of a LDPE substrate coated with a nanohybrid film of 56 wt% Dynasylan SIVO 121 and 44 wt% PGO0O03.

This journal is © The Royal Society of Chemistry 2023
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Fig. 15 SEM images of a LDPE substrate following the coating with a 56 wt% Dynasylan Sivo 121 and 44 wt% PG003 nanohybrid film in (left) low

and (right) high magnification.

Fig. 16 Photographs of 4 pL droplets of (left) glycerol, (center) 1,2-ethylene glycol and (right) DMSO on a LDPE substrate coated with a nano-
composite coating containing 56 wt% Dynasylan SIVO 121 and 44 wt% PG0O03.

Table 1 Contact angles of drops of water and three organic solvents (glycerol, 1,2-ethylene glycol and dimethylsulfoxide) on the neat LDPE film
surface and on surfaces coated with a nanocomposite coating containing 56 wt% Dynasylan and 44 wt% PG003

Water contact angle Glycerol contact angle

1,2-Ethylene glycol contact angle Dimethylsulfoxide contact angle

Neat LDPE
Coated LDPE

97 + 3°
148 + 3°

82 +1°
150 £ 1°

showed a transparency of about 90% over the optical spectrum
(Fig. S2 in the ESIf), whereas the DSC thermograph revealed a
crystallization temperature of the coated LDPE of 98 °C and a
melting temperature of 108 °C.

3.4. Mechanical and chemical durability of the coated films

The mechanical and chemical durability of the coated LDPE
surfaces was investigated in comparison to the uncoated LDPE
substrates. Fig. 17 shows stress-strain curves of the corona
treated LDPE together with the films that were coated with the
Silres BS 4004 and Dynasylan SIVO 121 and their
nanocomposites.

In all cases, it is clear that the elastic regime is very similar
between the neat and the coated LDPE films. A notable
increase of both the stress and the strain at break is observed

6994 | Nanoscale, 2023, 15, 6984-6998

57 + 3°
96 + 3°

74 +2°
138 £2°

(Fig. 17a) for the film coated with Silres when compared to
neat LDPE (from 575% to 780% for the strain). The increase is
even higher for the film with the nanocomposite coating (a
slight decrease in the stress at break is observed in this case),
which reveals an elongation before break of about 880%. Such
results indicate that the presence of Silres and the silica nano-
particles enhance the mechanical properties of the polymer.
This is most probably due to the formation of a crosslinked
network of a silicone film onto the LDPE surface, as
anticipated.

For the Dynasylan SIVO 121 coated films (Fig. 17b), the
stress-strain curves show a behavior similar to the neat LDPE,
indicating that the deposition of the Dynasylan and its nano-
composite with alumina nanoparticles have no significant
effect on the mechanical behavior of LDPE.

This journal is © The Royal Society of Chemistry 2023
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Fig. 17 Stress — Strain curves of (a) corona treated LDPE coated with
Silres of 2 wt% concentration in water (red) and corona treated LDPE
coated with the nanocomposite Silres/ZL 77%/23% (blue) and (b) corona
treated LDPE coated with Dynasylan SIVO 121 of 1 wt% concentration in
water (red) and corona treated LDPE coated with the nanocomposite
Dynasylan SIVO 121/PG003 66%/34% (blue). In both (a) and (b) the
respective stress — strain curve of uncoated corona treated LDPE is
shown as black line.

The scratch resistance of the films was evaluated as well via
a sand paper abrasion test. Fig. 18 shows the results of the
abrasion tests on surfaces coated with Silres BS 4004 and
Dynasylan SIVO 121 and their nanocomposites in comparison
with the neat LDPE and the corona treated one.

The abrasion durability tests of the neat LDPE (Fig. 18a)
revealed that the untreated film is insensitive to the abrasion
since the values of the water contact angles remain almost con-
stant at ~90° even after 40 cycles; however, the data for the
corona treated film show that the functionalization of the
surface is destroyed after 15 cycles, as the contact angles
increase by ~20° and reach almost the values measured for
neat LDPE. Moreover, in the latter case, the optical properties
of the substrate degrade after 5 cycles and the film becomes
hazy. On the other hand, the water contact angles for the
sample coated with Silres BS 4004 remain constant for up to
~25 abrasion cycles; at that point, a small decrease of the
contact angle by ~6° was observed. As far as the transparency
of the coated film is concerned, no blurring was noticed up to
~15 cycles. For the substrate coated with the nanocomposite

This journal is © The Royal Society of Chemistry 2023
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Fig. 18 Water contact angle measurements following sandpaper
abrasion tests for (a) corona treated LDPE coated with Silres BS 4004
2 wt% concentration in water (red circles) and with the nanocomposite
Silres/ZL 77%/23% (blue triangles) and (b) corona treated LDPE coated
with Dynasylan SIVO 121 1 wt% concentration in water (red circles) and
with the nanocomposite Dynasylan/PG003 66%/34% (blue triangles).
The corresponding measurements for the neat untreated and the
corona treated LDPE are shown in both (a) and (b) for comparison as
filled and empty black squares, respectively.

Silres/ZL 77%/23%, a systematic decrease of the contact angle
by ~10° was observed between cycles 5-25; at the end, the
contact angle value remained constant at ~92°, close to the
values for the untreated LDPE.

For the films coated with either Dynasylan SIVO 121 or its
nanocomposites, the results revealed a significant difference
from the situation described above (Fig. 18b). More specifi-
cally, the surface coated with the Dynasylan SIVO 121 showed
no change to the measured water contact angle even after 40
cycles. Moreover, the surface coated with the Dynasylan/PG003
nanocomposite remained superhydrophobic and water repel-
lent for up to 15 abrasion cycles (~147°). Even after 40 cycles
the coating remained strongly hydrophobic with a contact
angle of 137°. This means that the interactions between the
alumina nanoparticles, the fluoropolymer and the substrate
are stronger and that the specific coating is more strongly
bonded to the surface than the respective ones with Silres.
Additionally, the optical properties do not seem to be affected
by the abrasion in this case since no increase in the hazeness
was observed after 40 cycles. These properties make this
coated film a good candidate for many applications.
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Finally, the chemical durability of the investigated coatings
was investigated as well. It is noted that the dispersions of the
nanocomposite coatings are at pH = 5 and pH = 8 for
Dynasylan SIVO 121/PG003 and Silres BS 4004/ZL, respectively.
The durability of the coated films that showed the optimum
surface properties in both cases was tested in highly acidic and
highly basic pH using HCI 0.1 M to reach pH = 1.5 and NaOH
0.1 M to reach pH = 13. The contact angles were measured for
each film (for water drops of 4 pL in volume) before and after
being submerged in the acidic or basic solution.
Representative contact angle measurements before and after
being exposed to the acidic and basic conditions are shown in
Fig. 19. It is clear that the wetting properties were not
especially affected in none of the cases.

4. Conclusions

The present work demonstrates the development of polymer
films with superhydrophobic characteristics, utilizing nano-
composite coatings. The first system investigated was an emul-
sion of silanes and siloxanes, identified by the commercial
name Silres BS 4004, mixed with silica nanoparticles, that was
deposited on corona-treated LDPE substrates by dipping. It
was found that, although the contact angle showed only a
small increase, the substrates revealed a tendency of water dro-
plets to roll off the surface with rather low roll off angles.

The second nanocomposite system used was an aqueous solu-
tion of a fluoroalkyl silanol, identified as Dynasylan SIVO 121,
mixed with alumina nanoparticles. In this case, depending on
the nanoparticle content, the coated substrates became super-
hydrophobic and water repellent with roll off angles lower than
5°. Moreover, these coatings enhanced the oleophobicity of the
LDPE, showing superoleophobicity for glycerol and an increase
of the contact angle by 40°-70° for other organic solvents.
Furthermore, it was found that the polymer films have a signifi-
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cant robustness to temperature and their surface properties are
not affected by annealing procedures. Moreover, the coated sur-
faces show similar or even better mechanical properties, scratch
resistance and chemical durability in comparison to the neat
LDPE film. Finally, the optical and thermal properties of LDPE
are not affected by the presence of the nanocomposite coatings
and remain similar to neat polymer.

These coatings can be ideal candidates for applications on
polymer films used in greenhouses. The treatment with the
nanocomposite coatings can transform their surfaces to self-
cleaning ones with antidust properties, without affecting the
optical and thermal properties of the original polymer film.
Moreover, their thermal robustness to temperature makes them
suitable for application to even extreme external conditions.
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