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Development of Poly(propylene) Superhydrophobic
Surfaces by Functionalised TiO, Nanoparticles:
Effect of Solvents and Dipping Times

Gabriela Ramos Chagas,* Daniel Eduardo Weibel

Summary: We present a simple strategy for the fabrication of poly(propylene) (PP)
superhydrophobic surfaces, i.e., surfaces that show water contact angle (WCA) > 150°
after a simple dipping process. Injection-moulded PP samples were coated with
titanium dioxide nanoparticles previously functionalised with trimethoxy propyl
silane. Water, ethanol or xylene were used as solvents in the nanoparticles’
suspensions. The prepared superhydrophobic surfaces were characterised by WCA,
FTIR-ATR, SEM and profilometry measurements. PP coated samples showed very low
wettability, with WCAs higher than 150° when xylene was used as a solvent. The
combination of increasing the surface roughness via dipping coating process plus the
low surface tension of the coating produced the final superhydrophobic PP substrates.
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Introduction

Superhydrophobic surfaces have recently
attracted researchers’ attention due to their
self-cleaning, anti-contamination, anti-sticking
and anti-corrosion properties, which means
they have many potential industrial appli-
cations.'# To be considered superhydro-
phobic, a material must have a water contact
angle (WCA) between a water drop and the
materials’ surface of equal or greater to 150°.
The wettability is directly related to two
properties: surface energy, and rough-
ness.[*?! Surface energy depends on chemi-
cal composition, and materials with low
surface energy have high WCAs. These
surfaces are considered hydrophobic. Rough
surfaces or those with microstructures can
also increase the WCA of the material; as a
consequence of the combination of rough-
ness with a low surface energy coating, a
superhydrophobic state can be reached.*13

Superhydrophocity is found, for example,
in the lotus leaf, which has micro- and nano-
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structured leaves that hinder the fixation of
water droplets. This property causes drop-
lets to contract into spherical shapes and to
slide on the surface. This phenomenon is
called the ‘lotus effect’ 711131 Studies
showed that the surface of the lotus leaf
has a WCA of approximately 161°, with a
hydrophobic wax nanocrystal microstruc-
ture.l Because of this, lotus leaves can be
kept clean and free from any contamination,
even when the leaf is surrounded by muddy
water. Many others leaf examples exist, such
as petal leaves,l'"*"! lupin leaves, taro (Colo-
casia esculenta) leaves, India canna (Canna
generalis  bailey) leaves*3! and many
others. All of these leaves have superhydro-
phobic properties. There are also other
examples in nature in animals and insects,
such as the gecko foot!'18 and the wings of
some butterflies.*!"! Learning from nature
has long been a source of bio-inspiration for
scientists and engineers and in the last decade
researches are trying to artificially create
those properties using many types of materi-
als: polymers,[]g’m] wood,P*?! metals, 2021
paper,?! textiles,**3 and others.
Nanoparticles (NPs) have often been used
in the preparation of superhydrophobic
surfaces because they provide an easy way
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to create a nano-micro structured surface via
the formation of clusters or aggregates on
surfaces. These nano-micro structures in-
crease the roughness of the material and thus
increase the WCA.56193435] Titanjum diox-
ide (TiO,) and silicon dioxide (SiO,) are
metallic oxide semiconductors that have
been widely employed to modify and confer
specific surface properties, such as increasing
the surface wettability. They also show great
chemical and thermal stability compared to
organic materials."**% TiO, is a very
important material and can be used in many
kinds of industrial applications such as solar
cells, photocatalysis, photovoltaic devices
and pigments, and it is one of the most
widely-used compounds in developing re-
versible wettability.[35‘37] Ramanathan
et alB3¥) prepared superhydrophobic sur-
faces using TiO, NPs on glass and metallic
substrates, thus increasing the WCA be-
tween the substrate and the water drop. They
used an aqueous and non-aqueous solvent to
prepare the coating and observed different
contact angle hysteresis and liquid-solid
adhesion. Hou er al®! obtained surfaces
with reversible superhydrophobicity-super-
hydrophilicity wettability properties through
a simple photochemistry treatment using
hydrophilic TiO, NPs on polystyrene surfa-
ces. Contreras et al.[*") developed permanent
polymeric superhydrophobic surfaces that
were dependent on the hysteresis of the NP
concentration and surface chemistry.

Due to the increased use of polymers in
many industrial applications, this work aims
to improve the surface properties of poly
(propylene) (PP) by surface modification
using TiO, NPs, functionalised with a short
alkyl chain silane (trimethoxy propyl silane).
The preparation of PP surfaces was carried
out by a simple dip-coating method, using
suspensions of TiO, NPs in several solvents
and different dipping times.

Experimental Part
Sample Preparation

Polymer samples (BRASKEM-H 301)
were processed by injection moulding,
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cleaned in an ultrasonic bath with a
sequence of solvents for removing organic
residues, and then dried at room tempera-
ture. The final PP substrates were cut into
sticks of size 1 cm x 1 cm. Trimethoxy propyl
silane (TMPSi) of 97% purity was obtained
from Sigma Aldrich. Xylene (mixture of
isomers) and ethanol were purchased from
Merck (Brazil). TiO, NPs obtained from
Degussa  Corporation: AEROXIDE®™
TiO,-P25 were functionalised using a
previously published procedure.*! Briefly,
NPs with a concentration of 0.5% or 1.0%
(% w/v) were immersed in suspensions
containing a solvent/TMPSi solution ratio
of 95/5% (v/v). The suspension was main-
tained in an ultrasonic bath for a few hours
and heated to the desired temperature
before PP dipping. PP samples were dipped
in the above suspensions for 1, 5, 10 or 15
seconds. For ethanol and water solvents,
the suspensions were kept at 50°C due to
their low boiling points of 78 °C and 100°C,
respectively. Higher temperatures can be
used with xylene (boiling point 137-
140°C)[42] and so xylene suspensions were
heated to 130°C for the sample prepara-
tion. Finally, the treated PP samples were
dried at 100°C for 2 hours.

Characterization of the Samples

Static WCA was measured at ambient
temperature using a drop of deionized
water (4pL) by gently depositing it on
the substrate using a micro syringe. The
images were captured using the “Drop
Shape Analysis System”, Kruss DSA 30
system. For each sample series, the final
measurement was calculated from an aver-
age of five samples. FTIR-ATR (Alpha-P
model, Bruker) spectra of the samples
were obtained with a spectral resolution
of 4 cm™!. Morphology of the surfaces was
observed by scanning electron microscopy
(SEM), using EVOS50-Carl Zeiss equip-
ment and an electron acceleration of 10kV.
Profilometry analyses were carried out
using Ambios XP-2 equipment with a stylus
of 2.5mm ratio. The square mean of the
surface roughness (R,) was calculated from
the roughness profile.
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Results and Discussion

WCAs of PP samples dipped in 1.0%
functionalised TiO, NP suspensions in dif-
ferent solvents were measured (Figure 1).
The WCA results obtained showed the
different wettability of the final nanocoating.

The data presented in Figure 1 shows a
strong dependence on the solvent used to
prepare the TiO, functionalised suspen-
sion. When PP sticks were dipped in water
suspensions, the WCA did not achieve the
superhydrophobicity state, and when an
ethanol suspension was used, the WCA
increased to 141.8°. PP sticks were dipped
in water or ethanol suspensions at a
temperature of 50 °C, due to the higher
vapour pressure of these solvents; they did
not achieve superhydrophobicity. Howev-
er, when xylene was used as a solvent to
prepare the suspension, the treated PP
samples achieved a superhydrophobic state,
with a WCA of 158.1°. The dipping
temperature in the xylene suspension was
closer to the softening temperature of PP
(152.5 °C), which enabled a slight opening
of the polymer chains and provided better
interaction of the functionalised TiO, NPs
with the PP substrate. Additionally, PP is
relatively soluble in xylene solvent, depend-
ing on the temperature, hence a few PP
layers may partially dissolve on the surface
region allowing for the anchoring of the

(b)

(@

TiO, NPs more easily when the PP stick is
removed from the suspension and the
solvent is rapidly evaporated. The rapid
cool down and simultaneous high evapora-
tion rate of the xylene solvent leaves a
surface with higher degree of modification
than by using water or ethanol as solvents.
SEM images presented in Figure 2 show the
results of the dynamic dipping process
described above.

The untreated PP substrate showed a
smooth surface without the presence of any
clusters or agglomerates (Figure 2a). How-
ever, when PP substrates were dipped in
water or ethanol suspensions (Figure 2b, c)
the formation of clusters and aggregates on
the polymer surface were seen after the dip
coating process, increasing the roughness of
the surface and therefore the hydrophobic-
ity. Water and ethanol solvents did not
produce an appreciable dissolution of the
PP surface, leaving many open regions of
untreated PP that led to a final WCA lower
than 150°. TiO, NPs formed aggregates on
the PP surfaces when water or ethanol
suspensions were used, which is similar to
results observed in our previous publica-
tions on glass and silicon substrates. %3

In contrast, Figure 2(d) shows the results
seen after xylene suspension dipping. The
image shows the formation of clusters and
aggregates together with a high dissolution
of the PP matrix. The dipping in xylene

()

107.6°

Figure 1.

141.8°

158.1°

Water drop images and contact angles of the PP surfaces after 5 seconds dipping in: (a) water, (b) ethanol and
(c) xylene suspensions containing 1.0% of functionalised TiO, NPs.

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.ms-journal.de



58l

Macromol. Symp. 2014, 344, 55-62

Figure 2.

SEM images of untreated PP samples (a), PP substrates after being dipped in water (b), ethanol (c), and xylene (d)
suspensions with 1.0% of TiO, NPs and TMPSi for five seconds.

suspension and the high evaporation rate of
the xylene solvent induced a large morpho-
logical change on the polymer surface, thus
changing the roughness of the surface.
Figure 3 shows the FTIR-ATR spectra
of PP substrates dipped in water, ethanol
and xylene suspensions. From Figure 3,
characteristic -OH group signals from 3300
to 3000 cm ! can be seen, only after water
and ethanol dipping, showing that these
polar solvents did not allow total function-
alization of the TiO, NPs and therefore
the PP substrates did not reach a super-
hydrophobic state. To support this inter-
pretation, the Si—O—C signal (ring
link)*! at 1062 cm™' and Si—O—Si
linkage at 1031 cm™~' were compared. In
water and ethanol suspensions, the FTIR-
ATR spectra showed a very strong increase
in intensity when compared to the xylene
suspension. This showed that the concen-
tration of Si—O—Si bonding (siloxanes) is
high on the surface of water and ethanol

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

solvents and is mainly in the form of a ring
link structure due to the hydrolysis and
condensation reactions of TMPSi in polar
solvents.[** Additionally, in Figure 3, the
characteristic band of Ti—O at approxi-
mately 455 cm™! is more intense when
ethanol and xylene suspensions are used
compared to a water suspension. This
difference supports the presence of a high
rate of hydrolysis and condensation reac-
tions of TMPSi in water.

The effect of dipping time of the PP
sticks in the xylene suspension and the TiO,
NPs concentrations was investigated and
the results are summarised in Table 1. The
treated PP substrates prepared in the
present work showed relatively high hys-
teresis. In a previous study it was shown
that self-cleaning conditions can only be
obtained when the concentration of TiO,
NPs was higher than 1.5%."]

Table 1 shows that PP substrates coated
with 0.5% (v/v) functionalised TiO, NPs
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Figure 3.

FTIR-ATR spectra of functionalised PP sticks dipped in water, ethanol and xylene suspensions with TMPSi

and 1.0% of TiO, NPs. Dipping time: 5 seconds.

reached a superhydrophobic state only at
short dip times (1 and 5 seconds). After
10 seconds of dipping in the hot xylene
suspensions, the final PP substrate lost
the superhydrophobic state and showed a
higher heterogeneity, as measured by the
standard deviation (see Table 1). A higher
dissolution rate of the PP substrate at
longer dipping times may have meant that
a different morphology was obtained com-
pared to that showed in Figure 2d, and
therefore a superhydrophobic state was
not obtained. On the contrary, when the
substrates were dipped in 1.0% (v/v)
functionalised TiO, NPs, the final PP
surface showed a continuous increase in

Table 1.

WCA of untreated and coated PP sticks after
dipping in 0.5% or 1.0% (v/v) of functionalised
TiO, NPs in xylene/TMPSi suspension. Dipping time:
5 seconds.

Dipping time WCA (degrees)
0.5% TiO, NPs 1.0% TiO, NPs
PP untreated 104 +1 104 +1
1 second 1511 148 +7
5 seconds 15241 153 1
10 seconds 146 +5 152 +3
15 seconds 148+ 6 154+5

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

WCA, reaching a superhydrophobic state
in almost 1 second of dipping (see Table 1).
Except for the shortest dipping time used,
all of the samples appeared more homo-
genous (lower standard deviations). The
SEM images shown in Figure 4 show that
at very short dipping times (Figure 4a)
there is no important polymer dissolution,
and mainly clusters and aggregates are
formed after the fast evaporation of
xylene. When the time increased, a clear
opening of the PP surface was observed
(Figure 4b). Longer dipping times may
lead to a higher rate of PP dissolution with
more homogenous trapping of TiO, NPs
when the solvent evaporates after the
dipping process.

FTIR-ATR analysis of PP substrates
dipped in functionalised TiO, NPs with
TMPSi in xylene solvent are shown in
Figure 5. When the concentration of TiO,
NPs in the suspension increased, a propor-
tional increase was observed in the bands
assigned to Ti—O (441.1cm™') on the
coated PP sticks, indicating the presence
of a thicker nanocoating. On the contrary,
the characteristic bands of the polymer
C—H at 2915 cm™" and C—C at 1363 and
1460 cm ™' decreased in intensity with

www.ms-journal.de
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TR

Figure 4.

SEM images of PP samples after being dipped in 1.0% functionalised TiO, NPs with TMPSi in xylene solvent.
Dipped time: 1s (a), 55 (b), 10s (c) and 15 (d).
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Figure 5.

FTIR-ATR spectra of untreated and dipped PP sticks in xylene suspensions containing different concentrations
of TMPSi-functionalised TiO, NPs. Dipping time: 5 seconds.
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R4 results of untreated and coated PP with 0.5% and 1.0% functionalised TiO, NPs in xylene/TMPSi suspension.

Dipping time: 5 seconds.

increasing TiO, NP concentration. Both
FTIR-ATR results confirmed a proportion-
al increase of the nanocoating when the
functionalised TiO, NPs concentration
increased.

To correlate the differences observed in
the WCA measurements for untreated and
coated PP samples, profilometry measure-
ments were carried out for samples that
were dipped for 5 seconds. Figure 6 shows
the profilometry results when the PP sticks
were dipped in xylene solutions with 0.5%
and 1.0% of TiO, NPs.

The increase in roughness of the samples
compared with untreated PP after they
were coated with functionalised TiO, NPs
is evident in Figure 6; this explains the
superhydrophobic properties obtained in
the treated PP samples.

Conclusion

In summary, we have presented a simple
method for preparing a superhydrophobic
PP surface in one step, by using TiO, NPs
functionalised with TMPSi. The nanocoating
changed the natural hydrophobic properties
of the PP substrates to superhydrophobic
only when xylene was used as a solvent. It

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

was shown that a very short dipping time is
enough for obtaining a superhydrophobic
surface. SEM images and profilometry
measurements confirmed that the combina-
tion of partial solubility of the PP and
inclusion of TiO, NPs with cluster formation
in the surface region provided the necessary
roughness required for a PP superhydro-
phobic surface to be obtained.
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