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Abstract

Superhydrophobic surfaces are typically created by enhancing nanoscale roughness or incorporating anti-wetting additives
like silanes, nanoparticles, or fluorinated compounds. Limited by the availability of nano-structured templates, simple
fabrication, flexibility of the material, and cost-effectiveness, the quest to synthesize superhydrophobic films remains chal-
lenging. Herein, we report the valorizing of mixed plastic waste for the synthesis of flexible superhydrophobic films via
open-loop recycling. We focused on improving the nanoscale surface roughness of the material by using a series of steps
including selective dissolution, thermally induced phase separation, controlled spin-casting, and annealing. We synthesized
a two-layered superhydrophobic film with high surface roughness and sufficient mechanical strength, making it suitable
for use as a free-standing material. The contact and sliding angles were found to be 159° and 4°, respectively, with an RMS
(root mean square) surface roughness of 228 nm. This approach is demonstrated with mixtures of high-density polyethylene
(HDPE), low-density polyethylene (LDPE), and polypropylene (PP), which are among the most abundant components of
post-consumer plastic waste. Life cycle assessments show that synthesized superhydrophobic films have lower carbon dioxide
emissions and embodied energy than virgin PE and PP derived from petroleum. Our design strategy not only yields a superhy-
drophobic product but also provides an alternative to plastic waste recycling by bypassing cost-intensive sorting techniques.

Keywords Superhydrophobic films - Waste plastic - Valorization - Contact angle - Life-cycle assessment

1 Introduction approximately 13 million tons of plastic annually [1, 2].

According to conservative estimates, if current trends continue,

Plastic waste accounts for approximately 13% of the total
municipal solid waste, with a significant proportion ending
up in the ocean, where seabirds and fish are likely to ingest
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the oceans will contain more plastic than fish by weight by
2050 [3]. Despite intensive recycling campaigns around the
globe, less than 10% of around 400 million tons of plastic pro-
duced annually makes it to the recycled stream while only 10%
of the 20,000 plastic bottles produced every second will even-
tually be recycled [4—6]. Thus, making it imperative that we
find a solution to the waste-plastic recycling conundrum [7-9].

Mechanical recycling is presently the most widely
employed method for repurposing plastic waste [10, 11].
However, the mechanical recycling faces constraints when
dealing with plastic waste streams that encompass diverse
plastic types. Additionally, plastics with surface coatings and
modifications are difficult to upcycle, and the market for
downcycled products is volatile, further reducing the effec-
tiveness of mechanical recycling [12]. Chemical recycling,
on the other hand, offers a more lucrative alternative, as it
is better suited to handling a mixed stream of plastic waste.
However, chemical recycling is more complex and requires
high capital investment and large volumes of plastic waste
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to be cost-effective [6, 13, 14]. Therefore, finding a sustain-
able recycling method that can handle mixed plastic waste
streams with a competitive advantage over mechanical recy-
cling is a pressing priority.

To combat this issue, upcycling strategies have been devel-
oped, which involve the use of plastic waste as a feedstock for
synthesizing value-added products, being molecules, materi-
als, or polymers [15—17]. While these technologies have been
effective in reducing plastic pollution to some extent [18-20],
they tend to use isolated plastic waste or single plastic streams.
Since post-consumer plastic waste is mixed, it becomes dif-
ficult to separate and identify individual polymers [21-23].
This complexity makes separation methods expensive and
time-consuming, limiting the recycling or upcycling of these
materials [24-26]. Hence, upcycling process that converts
mixed plastics into a valuable product without sorting could
bypass this limitation [27]. Our research group has identified
one such solution in which mixed plastics waste is converted
into free-standing superhydrophobic films.

The concept of superhydrophobic coating entails a sur-
face that exhibits a water contact angle exceeding 150° and
a sliding angle lower than 5° [28-31]. Apart from their
application in water protection, flexible superhydrophobic
films also serve as matrices for electromagnetic composites
[32-35]. In order to achieve such surfaces, several com-
monly employed materials include fluoro-polysiloxane and
polydimethylsiloxane [36], black iron oxide nanoparticles
(NPs) [37], titanium dioxide, and stoichiometric salinization
[38, 39], composite microspheres consisting of polystyrene
and silicon dioxide [40], silicon dioxide combined with
epoxy resin [41], fluorinated nanodiamonds [42], silicon
dioxide nanoparticles embedded within electro-spun fibrous
mats [43], as well as cellulose-based derivatives [44].

While these materials yield superhydrophobic surfaces, they
contain fluorinated and/or silane compounds which increase
the overall cost of the material. Utilizing plastic waste, on the
other hand, provides a cheaper alternative but producing a free-
standing superhydrophobic surface remains a challenge. There
are two approaches in creating hydrophobicity: (a) grafting
of a chemical that possesses anti-wetting properties, and (b)
creating surface roughness by altering the morphology [45].

In this work, we present a strategy whereby mixed plas-
tics were converted into free-standing superhydrophobic
films with high surface roughness through selective dissolu-
tion, thermally induced phase separation, and annealing. The
initial dissolution step prepared a dilute polymer solution of
polyolefins which overcame the compatibility issue among
them by allowing the polymeric chains to exfoliate and inter-
twine as they became fluid in the dissolved state. The solu-
tion was then spin-cast maintaining controlled thickness on a
glass substrate and was cooled by keeping the plate in air to
induce the phase separation. The resultant layer had a highly
rough surface that facilitated hydrophobicity. However, its
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mechanical strength was found to be inadequate and could
not be used as a free-standing material, rendering it unsuit-
able for practical applications. To overcome this limitation,
the layer was subjected to controlled heating and cooling
to crystallize and strengthen the polymeric structure while
closing the pores. Unfortunately, this process led to a sig-
nificant reduction in surface roughness, resulting in a lower
contact angle. To address this issue, a second layer was
applied on top of the base-layer using the same spin-casting
method, but with modifications to preserve its porous struc-
ture, surface roughness, and superhydrophobicity. The bot-
tom layer served as a substrate for the top layer, aiding in
its proper formation. Additionally, it provided support and
strength, contributing to the overall structural integrity of
the film. This approach was demonstrated with mixtures of
high-density polyethylene (HDPE), low-density polyethyl-
ene (LDPE), and polypropylene (PP), which are among the
most abundant components of postconsumer plastic waste.
Lastly, a life cycle assessment (LCA) was conducted to com-
pare the environmental impacts of superhydrophobic film
produced from plastic waste with virgin pellets of PP and
PE produced from petroleum source.

The present solution expands its applicability by enabling
the precise development of superhydrophobic films through
the alteration of layers’ thicknesses based on specific appli-
cation requirements. In instances where high mechanical
strength is a critical requirement, the base layer thickness
can be increased from 30 to 175 um. Similarly, the thick-
ness of the top layer can be increased from 10 to 100 um.
Figure 1 illustrates the overview of the superhydrophobic
surface using polyolefin.

2 Experimental section
2.1 Material and reagents

p-Xylene was procured from Sigma Aldrich and used
without additional refining. High-density polyethylene
(HDPE), low-density polyethylene (LDPE), and polypro-
pylene (PP) waste containers were collected locally. A 5
cm X 5 cm plain glass plate was cut to size and used as the
substrate, mounted on the spin coater's chuck, which was
customized by Ossila. Spin-casting was carried out using a
spin coater from Ossila. A hot air oven made of MINO/30/
TDIG by Genlab Ltd was used for heating and annealing.
Hot plate annealing was carried on Heidolph magnetic
hotplate stirrer. Friction/peel tester Lloyd Instruments Ltd
Bognor Regis, UK, was used for tensile strength and mod-
ulus calculations. Scanning electron microscopy (SEM)
images were captured with FEI Quanta650FEG. Differen-
tial scanning calorimetry (DSC) was used to determine the
thermal behavior of HDPE-based hydrophobic thin films
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RMS =228 nm

Fig.1 Overview of the superhydrophobic surface using polyolefin

and to evaluate the changes in enthalpy before and after
heating. Thin films were heated in a crucible at 10 °C/
min under nitrogen in the 25-800 °C temperature range
using Q50 Perkin Elmer thermal analyzer. X-ray diffrac-
tion (XRD) measurements were measured using PANa-
lytical Empyrean multipurpose XRD by Malvern Pana-
lytical, Malvern, UK. X-ray photoelectron spectroscopy
(XPS) was measured using the Thermo Fischer Escalab
250XI platform. A monochromated X-ray source (Al
Koa: 1486.6 eV) is used. Surface morphology analysis
was conducted through Atomic force microscopy (AFM)
Park NX10 in order to understand the surface roughness
of thin films. Fourier-transform infrared spectroscopy
(FTIR) was carried out using the PerkinElmer Frontier
instrument. Profilometry imaging was carried out using a
Leica DCMS8 microscope. The optical contact angle was
calculated using OCA 35, Dataphysics instruments GmbH
— Filderstadt, Germany. Porosity was calculated using the
wet porosity method, where the difference between the
weight of the thin film with ethanol and the weight of the
thin film was converted into the volume by dividing it by

density. Thickness was measured with a micrometre and
cross-referred with Deflesko FS3 PosiTector 6000 using
an iron metal base.

2.2 Methods
2.2.1 Preparation of HDPE-blend

Two solutions, solution 1 and solution 2 were prepared
simultaneously. Solution 1 was prepared using 10 g of plas-
tic waste including LDPE, HDPE, and PP in equal quanti-
ties and dissolving them in 100 ml of p-xylene under reflux
conditions of 130 °C for a time of 20 min. Solution 2 was
prepared using 10 g of HDPE waste and dissolving it in 100
ml of p-xylene under reflux conditions of 130 °C for 20 min.
A 25 cm? shaped glass plate (substrate) was cleaned and then
heated to a temperature of 120 °C before being placed on a
spin coater chuck. The hot polymer solution-1 was poured
in a specific amount on the substrate and spin-coated at a
gradient speed of 400 rpm for 10 s, followed by 1000 rpm
for 60 s, followed by 3000 rpm for 60 s. The excess solvent
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and polymer solution were collected from the drain for recy-
cling. After completion of the spin casting, the substrate was
separated from the chuck and the base layer was heated to
a temperature of 170 °C for a period of 30 s on a Heidolph
hot plate. Afterward, the hot glass plate with a polymer base
layer was cooled to 120 °C and placed on the chuck, and
the hot polymer solution-2 in a specific amount was poured
over the hot base layer and spun at similar speeds. After the
spin casting, the glass substrate with combined top and base
layers was detached from the chuck and the film was peeled
off easily from the substrate resulting in a superhydrophobic
thin film.

2.2.2 Preparation of PP-blend

Two solutions, solution 1 and solution 2 were prepared
simultaneously. Solution 1 was prepared using 10 g of plas-
tic waste including LDPE, HDPE, and PP in equal quanti-
ties and dissolving them in 100 ml of p-xylene under reflux
conditions of 130 °C for a time of 20 min. Solution 2 was
prepared using 10g of polypropylene waste and dissolving
it in 100 ml of p-xylene under reflux conditions of 130 °C
for 20 min. A 25 cm? shaped glass plate (substrate) was
cleaned and then heated to a temperature of 120 °C before
being placed on a spin coater chuck. The hot polymer solu-
tion-1 was poured in a specific amount on the substrate and
spin-coated at a gradient speed of 400 rpm for 10 s, followed
by 1000 rpm for 60 s, followed by 3000 rpm for 60 s. The
excess solvent and polymer solution were collected from
the drain for recycling. After completion of the spin cast-
ing, the substrate was separated from the chuck and the base
layer was heated to a temperature of 170 °C for a period of
30 s on a Heidolph hot plate. Afterward, the hot glass plate
with a polymer base layer was cooled to 120 °C and placed
on the chuck, and the hot polymer solution-2 in a specific
amount was poured over the hot base layer and spun at simi-
lar speeds. After the spin casting, the glass substrate with
combined top and base layers was detached from the chuck
and the film was peeled off easily from the substrate result-
ing in a superhydrophobic thin film. Table 1 and Fig. S1

Table 1 Multilayered hydrophobic thin films fabrication strategy

shed light on details of the fabrication strategy and tech-
niques used in this study.

2.2.3 Fabrication strategy of free-standing
superhydrophobic thin films

Adhesion between two layers holds significant importance
in the context of thin film development. Initially, during our
endeavor to create a hydrophobic thin film, we applied a
first layer on the substrate and tried to separate it from the
substrate. But because of weak strength and loosely con-
nected polymer chains, it cannot be peeled off in one piece,
instead, chipping occcured. Thus it could not be used as an
independent sheet. However, the surface was rough enough
to exhibit superhydrophobicity.

As part of our second fabrication strategy, we decided to
heat the base layer after its application. Then we subjected
the substrate and the first layer to heating. Upon heating the
polymer chains becomes soft and interconnected with the
adjacent polymer chains by the enhancement of dispersion
forces. This heating process aimed to close all the pores and
reinforce the first polymer layer, thereby facilitating easy
removal from the spin coat plate. We could easily separate
the first layer from the substrate but it is not superhydro-
phobic in property. We termed this first layer as base layer.
Implementing this second fabrication strategy, involving the
heating of the base layer, yielded a free-standing thin film.

Thus, we introduced multilayer application so that the
top layer acts as a superhydrophobic coating and the base
layer provides support. In the multilayer sheets, initially, we
poured solution 2 on base layer when the base layer was
at room temperature or cold. We observed chipping of the
top layer, as there was poor adhesion between the top layer
and the base layer. This poor adhesion is because the poly-
mer in the base layer was in rigid and solid form, and the
newly added layer is in molten form, and change in phases
caused the interconnection between the newly added layer
and the rigid layer to be weak. Thus there was chipping and
poor adhesion. However, the issue of adhesion remained
unresolved.

Formulation name Fabrication strategy Base layer (Solution 1)  Top Layer (Solution 2) Techniques used
HD-Blend HDPE layering on waste poly-  Polymer blend High-density polyethylene Spin casting and annealing
mer blend HDPE 33.33 % (HDPE)
LDPE 3333 %
PP 3333 %
PP-Blend PP layering on waste polymer Polymer blend Polypropylene (PP) Spin casting and annealing
blend HDPE 33.33%
LDPE 3333 %
PP 3333 %
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In order to address the adhesion problem, we developed
a third fabrication strategy. This approach involved heat-
ing the base layer to enhance the strength of the thin film
and applying the top layer when the base layer reached a
temperature of 120 °C. Then we kept the base layer at a
high temperature of 120 °C, but below the boiling point
of the solvent. Consequently, the resulting thin film exhib-
ited improved adhesion between its two layers, and upon
removal from the spin coat, it could be easily peeled off.
This good adhesion is because when the base layer is hot
and solution 2 is poured, both the polymer will be in a
molten and soft state, thus the adhesion between the base
layer and the newly applied layer is excellently achieved.

After which, the combined base layer and top layer were
detached from the substrate resulting in a superhydro-
phobic thin film. Therefore, the third fabrication strategy
proved successful in the development of free-standing,
well-fused bilayer superhydrophobic thin films.

3 Results and discussion
3.1 Morphological analysis of hydrophobic thin films

Figure 2 illustrates the results of an SEM examination con-
ducted to investigate the internal structure of HD-Blend

Fig.2 SEM images of a HD-blend top surface b HD-blend top
surface(zoomed version) ¢ HD-Blend top surface zoomed after 5 min
of heating 120 °C d HD-blend bottom surface after complete heating
e HD-blend cross-section overview f HD-blend cross-section zoomed

version; g PP-blend top surface h PP-blend top surface (zoomed ver-
sion) i PP-Blend top surface zoomed after 5 min of heating 120 °C
j PP-blend bottom surface after complete heating k PP-blend cross-
section overview; 1 PP-blend cross-section zoomed version
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thin films. In Fig. 2a, the top surface of HD-Blend exhib-
its a petal-like structure that extends from the bottom
and spreads outwards from the top, resembling a flower.
Figure 2b is the zoomed-in versions of the top surface,
highlighting the surface roughness and the presence of
spikes. The formation of spikes on the surface contributes
to the water repellency as it helps in the suspension of
water droplets due to the formation of airpockets, resulting
in a contact angle of 148° for HD-Blend.

Figure 2c showcases the top surface of HD-Blend after
being heated for five min at 120 °C. As a result of the heat-
ing, the polymer starts to melt, leading to a reduction in
the spikes and a smoother surface. The smoother surface
of the thin film, when tested for water repellency, yields a
contact angle of 138°. This indicates that heating causes
the spikes to diminish, resulting in decreased water repel-
lency. Figure 2d displays a micrograph of the fully heated
surface (base layer) of HD-Blend. It is evident that com-
plete heating eliminates all spikes and completely reduces
surface roughness, resulting in minimal water repellency
with a contact angle of 108°.

In addition, Fig. 2e—f presents cross-sectional views of
HD-Blend, displaying the overview and zoomed versions,
respectively. These micrographs reveal the formation of
a wavy pattern between the layers of HD-Blend, which
contributes to its water repellency.

Figure 2g-1 depicts the findings of an SEM examina-
tion conducted to investigate the internal structure of thin
films made of PP-blend. In Fig. 2g, the top surface of the
PP-Blend film exhibits two types of structures: weblike
structures and spherical structures. The weblike structures
help connect the top layer and the base layer during the
annealing process. On the other hand, the spherical struc-
tures helped in providing superhydrophobicity.

With a closer view of the top surface of the PP-Blend
film in Fig. 2h, it becomes apparent that the formation
of spikes has occurred on both the weblike and spheri-
cal structures, leading to an improvement in water repel-
lency. The main reason behind the highly improved water-
repellent properties in the PP-Blend film is the formation
of these spike extrusions. These are formed due to the
thermally-induced phase separation of polymer and sol-
vent. This is evident from the contact angle of 159° in the
case of PP-Blend (see contact angle section). However,
when the film is heated for 5 min at 120 °C, these spikes
diminish, resulting in a reduction in water repellency, as
shown in Fig. 2i. Similarly, Fig. 2j displays micrographs
of the PP-Blend film after complete heating, revealing that
heating soften the polymer, diminishing all the spikes and
significantly reduced the surface roughness, thereby con-
siderably reducing the water-repellent properties.

Figure 2k provides a cross-sectional overview of the PP-
Blend film. It is evident that the bubbly (spherical) structure
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of pure PP (top layer) is visibly fusing together the top layer
with the base layer through the weblike structure. For a
closer look at the cross-sectional overview of the PP-Blend
film, Fig. 21 offers a zoomed-in version. This image dem-
onstrates the presence of spherical, bubbly structures with
spikes all over them, which are responsible for the superhy-
drophobic properties of the PP-Blend film. Such spherical
structures resembling bubbles can also be found on the sur-
face of sacred lotus leaves [46]. These leaves have micro-
level roughness, which is due to the presence of spikes on
their spherical structures, resulting in water contact angles
of up to 170° The air trapped between the droplets and the
wax crystals on the plant surface minimizes the contact area,
contributing to the high contact angle [45].

3.1.1 Observation regarding the surface morphological
analysis

Further, it was necessitated to learn the parameters that
affect the roughness and surface morphology. The superhy-
drophobicity of a polymeric film was influenced by changes
in viscosity and speed of the spin-casting rotation. Initially,
a more viscous polymer solution resulted in thick films
because of more deposition of polymer content and a less
viscous polymer solution resulted in thin films because of
deposition of less polymer content. In addition, high speed
reduces the thickness, and low speed increases the thickness.
To simplify the alterations, we have considered spinning at
four different conditions, (a) more viscous solution at low
speed, (b) high viscosity at low speed, (c) low viscosity at
high speed, and (d) low viscosity at low speed.

With the modification in viscosity and speed, amend-
ments in various parameters were observed that played sig-
nificant phenomena in achieving excellent superhydropho-
bicity and water contact angles. The observed parameters
were pore size, pore size distribution, homogeneity, rough-
ness, stretching, spiky protrusions, etc. We will study each
parameter affected by these conditions.

(a) Pore size and Pore size distribution: Pore size and Pore
size distribution: Firstly, when a highly viscous poly-
mer solution was spun at low speed, more polymer par-
ticles remain on the substrate. With a low proportion of
solvent molecules in a highly viscous solution and the
elimination of the solvent molecules upon drying, we
achieved a very low phase-separated area. These low
phase-separated regions result in very small micropores
with very small pore sizes ranging from 0.1-0.5um and
small pore size distribution. A high viscous solution at
a low speed allows more polymer particles to remain
on the substrate compared to a low viscous solution at a
low speed, which is attributed to more polymer propor-
tion. Secondly, when a highly viscous polymer solution
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(b)

was spun at high speed, more polymer particles are
expelled from the substrate because of enhancement in
the centrifugal forces and increased polymer mass ratio.
With more expulsion of the polymer molecules, the
polymer molecules are stretched and space between the
polymer molecules is enhanced resulting in an intense
increase in phase-separated area. These increased
phase-separated regions resulted in a very high pore
size ranging between 20pm and 500um, and high pore
size distribution. However, a low viscous solution at a
low speed allows more polymer particles to remain on
the substrate compared to a low viscous solution at a
higher speed. This low viscous solution at low speed
resulted in a small pore size ranging from 0.5-5um with
a relatively larger pore size distribution compared to
a more viscous solution at low speed. Further, a low
viscous solution at high speed resulted in large pore
sizes ranging from Spm-200pum and lead to a relatively
smaller pore size distribution compared to a more vis-
cous solution at a high speed. The pore sizes and pore
distribution play a significant role in maintaining the
contact angle. The air inside the air pockets of the pores
creates tension, suspends the water droplet over the
surface and resists the contact of water droplets with
the base layer. The tension created by the air pockets
should dominate the gravitational tension of the water
to achieve a superhydrophobic surface. A large pore
size with large pore size distribution (achieved through
more viscous at high speed) and a large pore size with
a small pore size distribution (achieved through less
viscous at high speed) result in a decrease in contact
angle, which was attributed to an increase in the surface
contact area between the water droplets and the base
layer. A smaller pore size with a large pore size dis-
tribution (achieved through less viscous at low speed)
and a small pore size with a small pore size distribution
(achieved through more viscous at low speed) enhance
the contact angle. In large pore-size films, the air ten-
sion created in the air pockets is reduced, because of
the escape of the air from the larger pores, resulting in
a smaller water contact angle.

Homogeneity and roughness: Similarly, we observed
multiple changes in homogeneity and surface roughness
with alterations in the viscosity and the speed. Initially,
we considered spinning a more viscous solution at a low
speed that resulted in the most homogeneity or the least
inhomogeneity with a very smooth surface. This smooth
surface is due to the presence of higher proportions of
polymer or lower proportions of solvent on the substrate
and upon phase separation, the pores created are in the
sub-micro range and the polymer expelled from the sub-
strate is less resulting in a most homogenous surface
with least surface roughness. When the more viscous

(c)

solution was spun at high speed, we observed the most
inhomogeneous and the least homogeneity with a very
rough surface. This very rough surface is due to the
expulsion of more polymer from the surface, resulting
in wave-like shores. The higher the mass, the more the
expulsion, resulting in less polymer-occupied surfaces.
This results in a very inhomogeneous and least homo-
geneity with very high surface roughness. Theoretically,
the higher the surface roughness, the higher the contact
angle, and the lower the surface roughness, the lower
the contact angle. In these two cases, we observed the
results in contrast, which is because the roughness of
the surface is too intense that the surface contact area
between the water droplets and the base layer is high
resulting in a lower water contact angle. On the other
hand, a low viscous solution at low speed was spun
which resulted in a relatively less homogeneity and a
rough surface compared to the more viscous solution
spun at low speed (see Fig. 3a—d). This decrease in
smoothness and increase in inhomogeneity is due to the
presence of more proportions of solvents on the surface
resulting in more phase-separated regions compared to
the more viscous solution spun at low speed. Contrarily,
the spinning of the less viscous solution at high speed
resulted in a rougher surface area with a decrease in
homogeneity. The homogeneity achieved in a less vis-
cous solution at high speed is more than the homogene-
ity achieved in a more viscous solution at high speed.
The contact angle (159°) achieved on surfaces made
from less viscous solution at low speed is more than the
contact angle (152°) achieved on surfaces made from
less viscous solution at high speed. The contact angle
(155°) achieved on surfaces made from high viscous
solution at low speed is more than the contact angle
(148°) achieved on surfaces made from high viscous
solution at high speed. This enhanced water contact
angle on superhydrophobic surfaces made from low vis-
cous solutions at low speed is attributed to the air inside
the air pockets of the pores, optimum homogeneity and
surface roughness. Lastly, the spikes that are present on
the surface of the superhydrophobic films resulted in
the suspension of water droplets in the air and resist the
fall of the droplet on the surface due to gravity, which
causes water droplets to bounce back and contribute to
water-repellent properties.

Similarly, the sliding angle (3.6°) achieved on surfaces
made from less viscous solution at low speed is less
than the sliding angle (8°) achieved on surfaces made
from less viscous solution at high speed. The sliding
angle (5.6°) achieved on surfaces made from high
viscous solution at low speed is less than the sliding
angle (10°) achieved on surfaces made from high vis-
cous solution at high speed. This increase in the sliding
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“More viscous-Low speed

Less viscous-Low speed 1Less viscous-High speed |

(g) ' 148+1° | |(h) l

102+2°

A
T -

Sliding angle: 0° ﬁDrop size: 0.5ml

Fig.3 a—-d Visual manifestation of PP-Blend on different fabrication
scenarios. e-1 Contact angle with a water droplet (2 uL) on e HD-
Blend (top surface) when the droplet is attached to the needle; f drop-
let separating from the needle on HD-Blend (top surface); g contact
angle on HD-Blend (top surface) when the droplet is separated from
the needle and freely resting on the HD-Blend top surface; h contact
angle on the top layer of HD-Blend when heated completely; i PP-

angle in the more viscous solution is due to the attrac-
tion of water droplets towards the base layer because
of more pore size and pore size distribution.

(d) An additional contributing factor to the high contact
angle on surfaces made from less viscous solution at
low speed is the formation of crystalloids. At high
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110+2°

Blend (top surface) when the droplet is attached to the needle; j drop-
let separating from the needle on PP-Blend (top surface); k contact
angle on PP-Blend (top surface) when the droplet is separated from
the needle and freely resting on the HD-Blend top surface; 1 contact
angle on the top layer of PP-Blend when heated completely. m-r Vis-
ual images of sliding angle measurement of a water droplet over the
PP-Blend coated glass surface

speed, the solvent evaporates rapidly, leaving behind
a pure polymer that quickly crystallizes. In contrast, at
low speed, the slow evaporation of the solvent delays
the process of crystallization within the polymer, result-
ing in the formation of uniform crystalloids that sup-
port a high contact angle.
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(e) Temperature and time of heating are crucial factors in
achieving the maximum contact angle. It was observed
that at room temperature (25 °C), the maximum con-
tact angle (159°) was achieved. However, an increase in
temperature resulted in a decrease in the contact angle,
and this decrease was dependent on the duration of
heating. Since polymers are insulators, a slight increase
in temperature for a very short period does not signifi-
cantly affect their state. Therefore, if the temperature is
increased by 5 °C in less than five min, there will be no
noticeable change in the contact angle. However, if this
slight increase in temperature is maintained for a longer
duration the heat is absorbed by its inner crystalline
structures. These crystalloids, which contribute to the
formation of spikes on the surface and support a high
contact angle or water repellency, begin to diminish.
Additionally, prolonged heating of the polymer leads
to oxidation, also resulting in poor water repellency.

3.2 Contact angle and sliding angle measurements

Contact angle measurement is a crucial parameter that deter-
mines the extent of hydrophobicity exhibited by a surface
[47]. Figure 3e—g shows the observations made on the top
layer of HD-Blend while Fig. 3i-k depicts observations
made on top layer of PP-Blend, see Table S1. Initially, when
a water droplet was dispensed onto the HD-Blend surface
using a needle from the contact angle measurement machine
(see Fig. 3e), it formed a contact angle of 155° with the
surface. However, it was observed that the water droplet
adhered more strongly to the needle than to the surface.
This resistance can be attributed to the water repellency of
the surface. Subsequently, a force was applied to separate
the water droplet from the needle (see Fig. 3f), resulting
in a measured contact angle of 148° (see Fig. 3g), which
we consider being the accurate value for the contact angle
measurement in the case of HD-Blend, as it is independent
of any external force Furthermore, contact angle measure-
ments were also conducted on the top layer of the thin film
when heated completely. We will represent this heated top
layer as the second layer. In this scenario, when the second
layer is heated and top layer is applied, then the attachment

and interconnection between the second layer and top layer
was excellent because of the same polymer. Also, the second
layer acts as independent film as well as a support for the
superhydrophobic thin film layer. As a result of the poly-
mer melting process, crystalloids and spikes were dimin-
ished from this surface. Consequently, the hydrophobicity
was compromised, leading to a contact angle of 102° (see
Fig. 3h).

A similar procedure was followed to measure the contact
angle on the PP-Blend surface. When the water droplet came
into contact with the needle, a contact angle of 167° was
observed (see Fig. 31). An external force was then applied to
separate the droplet from the needle (see Fig. 3j), and once
the droplet became independent, PP-Blend exhibited the
highest contact angle of 159° (see Fig. 3k). This superhydro-
phobic behavior can be attributed to the formation of spikes
and crystalloids on the top surface of the PP-Blend, as dis-
cussed in the SEM section. Additionally, the hydrophobic-
ity of the heated second layer of PP-Blend was determined.
We observed a similar result as in HD-blend, with a 110°,
see Fig. 31. We anticipated that the heated base layer will
also show a very low contact angle, since the base layer of
both thin films, HD-Blend and PP-Blend was the same and
underwent the same heating procedure, they exhibited the
same level of hydrophobicity with a contact angle of 108°.

We measured the sliding angle of the PP-Blend to
determine the angle at which water droplet slides over
the superhydrophobic surface. Initially, we placed a
0.5ml water droplet on the PP-Blend surface at a 0° angle
(Fig. 3m). Subsequently, we gradually tilted the plate,
coated with a thin film of PP-Blend, to observe the move-
ment of the water droplet (Fig. 3n—r). We observed that
the droplet began to move when the angle was increased
to 2° (Fig. 3n), and it exhibited more pronounced move-
ment at an angle of 3° (Fig. 30). Finally, the droplet slid
completely when the angle reached 4° (Fig. 3p-r). Con-
sequently, the sliding angle of the PP-Blend thin film
surface was determined to be 4°, which closely aligns
with linearity and confirms its superhydrophobic nature.
Additionally, it was noted that when the water droplet size
was decreased to 5 puL, the sliding angle was increased to
10°. Table 2 illustrates that our superhydrophobic surface
demonstrates comparable contact angle when measured

Table 2 Contact Angle (CA)

. . Polymer CA Method Product Ref
comparison of various Polyfin-
based superhydrophobic PP 165° Micro—Nano-structuring Hydrophobic Surface [48]
products Tri-layered PP—PP/PE-PP  130° Thermal Bonding Breathable Waterproof ~ [49]
‘Waste PP > 150° TIPS—Film-casting Filtration Membrane [50]
PP 160° Solvent/Non-solvent Hydrophobic Surface [45]
PP/PVDF 155° Vacuum Filtration Membrane Distillation [51]
Waste PP-HDPE-LDPE 159° TIPS—Spin-casting Hydrophobic Surface Present
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against the reported — state-of-the-art —superhydrophobic
surfaces.

3.3 Surface roughness

The hydrophobicity of thin films can be significantly influ-
enced by surface roughness [52]. A rough surface can induce
air pockets to form between the polymer molecules and the
water droplet, allowing the droplet to sit on top of the surface
without wetting it. The Cassie-Baxter state, a phenomenon
associated with it, causes a rise in hydrophobicity [53, 54].
On the other hand, if the surface is exceptionally smooth,
water droplets can quickly saturate it and reduce the hydro-
phobicity of the surface.

The AFM images of the superhydrophobic thin films —
HD-Blend and PP-Blend — were captured, and their root
mean square (RMS) values were examined to ascertain the

surface morphology and, consequently, the degree of rough-
ness (Fig. 4 and Table S2).

As stated in Table S2, the approximate RMS values of
the top surfaces of HD-Blend and PP-Blend were 90 nm
and 228 nm, respectively. Our findings demonstrated that
HD-Blend, where the top layer consists of HDPE exhibited
low hydrophobicity as compared to PP-Blend, where the top
layer was comprised of PP.

Figure 4c—iii presents an atomic force microscopy (AFM)
image of the top surface of the PP-Blend material, revealing a
prominent formation of spikes. As previously discussed in the
SEM section, these spikes play a crucial role in the formation
of a superhydrophobic surface. In contrast, Fig. 4a—iii displays
an AFM image of the top surface of the HD-Blend material,
showing fewer spikes compared to the PP-Blend Thin film.
Consequently, the contact angle measurement for the HD-
Blend material is lower than that of the PP-Blend material.

-200nm

Fig.4 AFM of a HD-blend top surface b HD-blend bottom surface ¢ PP-blend top surface d PP-blend bottom surface; i amplitude retrace mode
ii Z-sensor retrace mode iii 3D XYZ-axes surface roughness iv 2D XZ-axes profile roughness
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The surface morphology of the materials played a signifi-
cant role in achieving superhydrophobicity. The backside of
both the PP-Blend and HD-Blend materials exhibited the
least hydrophobicity, as evidenced by a contact angle of
108°, as discussed in the contact angle section. The base
layers of both HD-Blend and PP-Blend were subjected to
heating, resulting in the reduction of spike formation and
oxidation of the polymer. As a consequence of this oxidation
process, the presence of OH- groups increased within the
base layer. Subsequently, this led to an increase in hydrophi-
licity rather than hydrophobicity, primarily due to the inter-
molecular forces between the OH groups and water mol-
ecules. A comprehensive analysis of this phenomenon will
be provided in the XPS section. This is further supported
by the AFM images of the backside surfaces (Fig. 4b—iii,
d—iii), which appear smoother compared to the top surfaces.
Therefore, the AFM results validate the predicted surface
morphology discussed in the SEM section.
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3.4 Functional group analysis of Superhydrophobic
thin films

In order to estimate the inner chemistry of superhydrophobic
thin films FTIR analysis was carried out and the findings
are shown in Fig. 5. Since in the fabrication of superhy-
drophobic thin films, all the chemicals utilized are polyole-
fin in nature, leading to all the peaks observed in the FTIR
spectra being attributed to carbon and hydrogen bonds. The
Pure PP FTIR graph (Fig. 5a) displays a few distinct peaks.
Specifically, three peaks were identified at 2870 cm™, 2920
cem™!, and 2950 cm ™!, indicating the presence of CHj; stretch-
ing, CH, asymmetrical stretching, and CH; asymmetrical
stretching, respectively [55, 56]. Another distinct peak was
observed at 1376 cm™!, which is associated with the sym-
metrical bending of CH; of the branched methyl group.
Similarly, the characteristic peaks of HDPE and LDPE
are largely identical due to their similar composition, with
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Fig.5 FTIR of a pure PP b pure HDPE ¢ pure LDPE d blend of polyolefins in equal ratio e top layer of HD-blend f base layer of HD-blend g top

layer of PP blend, and h base layer of PP-blend
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the only variation being in their densities. Peaks were
detected at 2860 cm™!, representing CH, symmetric stretch-
ing, 2920 cm™! for CH, asymmetric stretching, 2954 cm™!
for asymmetric stretching, 1377 cm™ for CH; exhibiting
umbrella bending mode, and 729-720 cm™! indicating split
CH, rocking vibration [57] (Fig. Sb—c). Upon the formation
of a polymer blend consisting of all three polyolefins in a
ratio of HDPE:LDPE:PP=1:1:1, the characteristic peaks
of HDPE, LDPE, and PP were collectively observed in the
polymer (Fig. 5d).

Since the base layers in HD-Blend and PP-Blend were
composed of a polymer blend encompassing all three poly-
olefins, the characteristic peaks displayed in Fig. 5d, f, and
h are relatively identical.

The confirmation of C=C bonds is also evidenced by the
peak at 750 cm™! observed in Fig. Sef, specifically in the
HD-Blend top and base layers. A higher proportion of C=C
bonds indicates a greater frequency of crosslinking within
the polymer chain during the blending process. Increased
crosslinking levels ultimately result in higher degrees of
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crystallinity, which contribute to the strength of the poly-
mer blend.

In the top layer of PP-Blend, three peaks were identified
at 808 cm™! for C-C stretching, 996 cm! for CH; rocking,
and 1166 cm™ for C-C wagging (Fig. 5g).

3.5 Thermal analysis of superhydrophobic
thin films

To estimate the degradation temperature of developed thin
films, HD-Blend and PP-Blend DSC was carried out and
results are shown in Fig. 6. Figure 6a depicts the degrada-
tion curve of pure PP, which undergoes degradation at 168
°C. While Fig. 6b—c illustrates the degradation curve of pure
HDPE and LDPE, respectively. Pure HDPE degrades at a
temperature of 124 °C, whereas LDPE degrades at 110 °C.
It is to be noted that the higher melting temperature of PP is
attributed to the branched alkyl groups. However, the semi-
sharp peaks of these polymers denote their semi-crystalline
nature.

— HD-blend

(e) n
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6 {— PP-blend
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Fig.6 Degradation curves of a pure PP b pure HDPE ¢ pure LDPE d blend of polyolefins in equal ratio e HD-blend f PP-blend
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When a blend of the aforementioned polyolefins is cre-
ated, the characteristic peaks of all three compounds are
observed in the DSC curve of the polymer blend (Fig. 6d).
The polymer blend consists of 33% HDPE, 33% LDPE,
and 33% PP. The degradation curve of HDPE and LDPE
is more prominently reflected at 124 °C, whereas a smaller
curve indicating the degradation of PP is observed at 164 °C.
However, the LDPE peak was merged with the HDPE peak,
resulting in a broader base.

Figure 6e illustrates the degradation curve of HD-
Blend. Initially, significant degradation occurs at 124 °C
due to the presence of 66% PE (HDPE and LDPE) in the
base layer, and the top layer also consists of HDPE, the
dominating polymer is polyethylene, thus, we observed a
major PE peak and a very small PP peak at 164 °C.
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On the other hand, PP-Blend undergoes two stages of
melting. The initial one occurs at 124 °C due to the pres-
ence of HDPE and LDPE in the base layer, while the final
melting occurs at 164 °C due to the high concentration of
PP in the PP-Blend thin film (see Fig. 6f). This shortening
of melting point is attributed to the homogenous mixing
of PP with PE.

3.6 Chemical composition analysis
of superhydrophobic thin films through XPS

Chemical composition analysis of fabricated thin films
was carried out through XPS obtained results are shown
in Fig. 7.
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Fig. 7 XPS spectra of a top layer of HD-blend b base layer of HD-blend c¢ top layer of PP-blend d base layer of PP-blend, (inset) Carbon 1s and

Oxygen Is spectra of respective compositions
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XPS provides us the atomic composition on the surface.
We initially studied the chemical composition of HD-Blend
top surface and PP-blend top surface, Fig. 7a and c, respec-
tively. As we have used xylene in our methodology, we
wanted to confirm the removal of xylene from the supe-
rhydrophobic surface. Usually, the n- ®* interactions of
the aromatic arene C=C is visualized at 294 eV. We did
not observe any peak at 294 eV, confirming the absence of
xylene in the superhydrophobic films. Moreover, the oxy-
gen content in the top surface was negligible, and suggests
the absence of hydrophilic groups such as O-H, or C-O-C
groups, etc.

On the other hand, the XPS spectra of the heated thin
films HD-Blend, and PP-Blend showed the presence of <2%
of oxygen, which is attributed to the partial oxidation of
the surface due to heating. The heating process not only
reduced the surface spikes, as discussed in the SEM sec-
tion, but also induced partial oxidation by the presence of
C-0-C, C-C-0O peaks (Fig. 7b, d). This partial oxidation
resulted in the introduction of hydrophilic groups, resulting
in a decrease in the contact angle with water below 110°.

The effect of annealing on the cross-linking of polymer
chains is well-established in the literature [58]. Anneal-
ing increased the degree of crosslinking in the base layer
by rearranging the polymer chains, resulting in enhanced
mechanical strength of the base layer [58, 59]. The base
layer in HD-Blend and PP-Blend are constituted of mixed
plastic waste. Annealing of the base layer in HD-Blend and
PP-Blend induced oxidation reactions, leading to an increase
in the number of oxidized functional groups.

The presence of carbonyl groups in HD-Blend and PP-
Blend is also evident in FTIR results. The presence of oxy-
gen in HD-Blend and PP-Blend showed a significant impact
on the chemical, physical properties, and surface properties
[60, 61]. The base layer's oxidation produces more active
sites on the surface which makes the surface more welcom-
ing to the topcoat, leading to better adhesion. The extent
of oxidation can be controlled by adjusting the annealing
temperature, time, and the presence of oxidative agents.

3.7 XRD analysis of superhydrophobic thin films

X-ray diffraction analysis was conducted to investigate
the crystallinity and structural properties of thin films. PP
and PE exist in a semi-crystalline form. The crystallinity is
observed and calculated through the area under the curve of
the XRD patterns. Before that, the representative sample is
identified for the presence of PP or PE or both by XRD pat-
tern peaks. The PP and PE are identified by the presence of
the characteristic peaks. PP shows peaks at 13° and 17° (20),
whereas the HDPE and LDPE show characteristic peaks at
22° and 24° (20), see Fig. 8a—c, respectively.

@ Springer

The variation in intensities is attributed to the density dif-
ferences between HDPE and LDPE. These relatively sharp
peaks in the graphs indicate the semi-crystalline nature of
HDPE and LDPE. In Fig. 8d, which represents the nature of
a polymer blend utilized as a base layer in both thin films,
HD-Blend and PP-Blend, two key observations are made: (a)
all characteristic peaks of LDPE, HDPE, and PP are collec-
tively present in the blend graph. (b) all peaks are relatively
sharp, indicating a semi-crystallinity of the polymer blend.

When the base layer of HD-Blend was examined through
XRD, characteristic peaks were obtained at 14°, 16°, 18°,
21° and 25°, see Fig. 8f. Peaks at 14°, 16°, and 18° represent
the presence of PP in the base layer while peaks obtained at
21° and 25° is attributed to PE. This validates the presence
of mixed plastic in the base layer of HD-Blend. Similar to
this, the top layer of HD-Blend only displayed the two PE-
related peaks at 21° and 25°, indicating that upper layer was
constituted with HDPE (Fig. 8e). The base layer in PP-Blend
is similar to HD-Blend as they both were constituted with a
polymer blend of mixed polyolefins. Therefore, base layer
peaks in both graphs showed similar peaks in Fig. 8f and h.

In the PP-Blend XRD pattern, top layer peaks were
observed at 14°, 16°, 18°, and 22° (Fig. 8g). These peaks
indicate the presence of PP [62]. The perfect mixing between
the top and bottom layers in PP-Blend is confirmed by the
XRD data, which is due to well-performed annealing during
the fabrication process [63]. Well-blend two layers also can
be seen through SEM results. This may be explained by the
fact that PP-Blend performed better than HD-Blend in terms
of the hydrophobicity properties [64].

3.8 Mechanical properties of hydrophobic
multilayered thin films

Like any other polymer, the structural morphology and pack-
ing of multilayer hydrophobic thin films strongly influenced
their mechanical properties. The results of mechanical test-
ing (Young modulus and Tensile strengths (Fig. 9), of thin
films, showed the expected behavior as per their morphol-
ogy, as discussed in the SEM results section.

In this work, the strength for the superhydrophobic
films is achieved by the heating of the base layer, which
has LDPE, HDPE, and PP. The elasticity of LDPE is more
than HDPE, which is more than PP. The base layer plays
a major role in achieving the tensile strength, as the base
layer is significantly heated and the polymer chains are
compactly arranged. In contrast, the top superhydrophobic
layer plays a mild role in tensile strength as it is porous and
the loose packing of the polymer chains, but it binds to the
base layer to avoid the chipping property. It was observed
that the strength of PP-blend is relatively strong than the
HD-blend, because of the more strength and rigid nature
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of the PP, whereas the HDPE has relatively lesser strength ~ suddenly instead of elongating for some distance. In con-
and is more flexible. The modulus of the PP-blend is less  trast, the HDPE has more elasticity and has more degree
because of more rigidness of PP, and it breaks relatively  of elongation, thus, the modulus is more for the HD-Blend.
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«Fig. 10 a Comparison of normalized environmental impacts of supe-
rhydrophobic film produced from plastic waste with virgin pellets of
PP and PE from petroleum source; and b comparison of normalized
environmental impacts using natural gas and solar PV as electricity
sources

The average tensile strength of HD-Blend and PP-Blend was
recorded at 19.27 MPa and 19.47MPa respectively.

3.9 LDPE based hydrophobic multilayered
thin films

During the segregation process of mixed plastic waste
through the float sink method, three types of polyolefins
were obtained (i) polypropylene (PP), (ii) High density
polyethylene ( HDPE), and, (iii) Low density polyethylene
(LDPE). Initially we designed hydrophobic multilayered thin
films using all aforementioned three types of polyolefins as
the top layer. However, the hydrophobicity test and contact
angle measurements for the thin film that was created using
LDPE as the top layer and a polymer blend as the base layer
did not show any appreciable findings. The contact angle in
LDPE thin films was obtained at 122° which was not up to
par, so further characterization was omitted for this thin film.

As Low-density polyethylene (LDPE) has ethylene poly-
meric chains with a high degree of branching, leading to a
highly amorphous structure with a low degree of crystallin-
ity [65]. The molecular packing in LDPE is characterized
by randomly coiled chains that have a high degree of entan-
glement. As a result, the intermolecular forces in LDPE are
weak, and the polymer has low strength and stiffness com-
pared to other polyethylene types. The amorphous regions
within the LDPE structure offer little resistance to the move-
ment of molecules, allowing them to pass through with ease.
In contrast, high-density polyethylene (HDPE) has a high
degree of crystallinity and a more tightly packed molecular
structure due to the use of linear ethylene chains without
branching. The intermolecular forces in HDPE and PP are
stronger than in LDPE, leading to higher strength, stiffness,
and resistance to deformation [66—68]. Additionally, the
higher degree of crystallinity in HDPE and PP reduces its
permeability to gases, liquids, and vapors, making it a more
suitable material for multilayer thin film hydrophobic films.

3.10 Life cycle assessment

A Life Cycle Assessment (LCA) was conducted to evaluate
the environmental impacts of producing 1 kg of superhydro-
phobic films using our synthesis method. The production
route is depicted in Fig. S2. Various environmental factors
were considered, including embodied energy, ozone deple-
tion, fossil fuel depletion, marine eutrophication, climate
change (total carbon emissions), total embedded energy,

ionizing radiation, and natural land transformation. To
estimate these LCA indicators, we utilized the commercial
software tool Gabi. Environmental impacts of superhydro-
phobic film produced from plastic waste was compared with
virgin pellets of PP and PE produced from petroleum source,
based on equal weight. Additionally, we examined the envi-
ronmental effects of utilizing electricity from solar PV in
comparison to natural gas.

The findings revealed a 12% and 16% reduction in car-
bon footprint compared to the production of virgin PP and
PE, respectively. Moreover, a decrease of 16% in embodied
energy was observed when compared to the synthesis route
of virgin PP and a 17% decrease was recorded when com-
pared to the synthesis route of virgin PE. Overall, the results
suggest that open-loop recycling is more favorable in terms
of lower carbon footprints and embodied energy when com-
pared to the traditional petroleum-derived synthesis route
(Fig. 10a).

3.10.1 Effects of renewable energy

The utilization of solar photovoltaic (PV) electricity was
compared with the use of natural gas, with the objective
of enhancing the eco-friendliness of the recycling process
(Fig. 10b). The incorporation of solar PV sources leads to
an additional reduction in various environmental indicators.
A depletion rate of 17% was observed for solar PV, 23% for
natural gas, 32% for virgin PP synthesis, and 33% for vir-
gin PE synthesis in terms of fossil resources. Likewise, the
total carbon footprint associated with solar PV was found
to be 17%, while natural gas accounted for 20% of the total
carbon footprint. The synthesis of virgin PP resulted in a
carbon footprint of 30%, whereas PE synthesis yielded a
carbon footprint of 33%. Therefore, the implementation of
solar PV shows positive results in reducing gross environ-
mental impacts.

4 Conclusion

We present a strategy in which mixed plastic waste is con-
verted into free-standing superhydrophobic films through
selective dissolution, thermally induced phase separation,
controlled spin-casting, and annealing. This approach is
demonstrated using mixtures of HDPE, LDPE, and PP,
which are among the most abundant components of post-
consumer plastic waste. We synthesized a two-layered supe-
rhydrophobic thin film with high surface roughness and suf-
ficient mechanical strength, making it suitable for use as a
free-standing material. The contact and sliding angles were
found to be 159° and 4°, respectively, with an RMS surface
roughness of 228 nm. Additionally, the life cycle assess-
ment revealed that the production of superhydrophobic films
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via the open-loop recycling method is better than virgin PP
and PE produced from petroleum in terms of carbon dioxide
emissions and embodied energy. Our design approach not
only results in the creation of a superhydrophobic product
but also offers an alternative method for recycling plastic
waste without the need for expensive sorting techniques.
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