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ABSTRACT: A simple, rapid (10 s) and scalable method to fabricate superhydrophobic polypropylene (PP) fabrics is developed
by swelling the fabrics in cyclohexane/heptane mixture at 80 °C. The recrystallization of the swollen macromolecules on the fiber
surface contributes to the formation of submicron protuberances, which increase the surface roughness dramatically and result in
superhydrophobic behavior. The superhydrophobic PP fabrics possess excellent repellency to blood, urine, milk, coffee, and other
common liquids, and show good durability and robustness, such as remarkable resistances to water penetration, abrasion, acidic/
alkaline solution, and boiling water. The excellent comprehensive performance of the superhydrophobic PP fabrics indicates their
potential applications as oil/water separation materials, protective garments, diaper pads, or other medical and health supplies.
This simple, fast and low cost method operating at a relatively low temperature is superior to other reported techniques for
fabricating superhydrophobic PP materials as far as large scale manufacturing is considered. Moreover, the proposed method is
applicable for preparing superhydrophobic PP films and sheets as well.
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1. INTRODUCTION

Superhydrophobic surfaces are those with a water contact angle
(CA) over 150° and a small sliding angle (SA)." The
superhydrophobic phenomena have been studied extensively
since Barthlott demonstrated the self-cleaning effect of lotus
leaf in 1997.>* Many other functions such as friction reduction,
anti-icing, antifog, anticorrosion can also be expected from the
ultrawater-repellency.*”'> Two factors should be considered
when constructing a superhydrophobic surface: an appropriate
surface roughness and a low surface energy.ls_22 So far, diverse
methods and superhydrophobic materials have been reported,
but cheap materials, simple and rapid preparing processes,
robustness and durability of superhydrophobicity are still
challenging for the practical applications.”**

Polypropylene (PP), as one of the most widely used plastics,
owns excellent comprehensive performances like nontoxicity,
high strength and hardness, good wear resistance, eminent
fatigue resistance, good chemical stability, and low price. PP
products, such as fibers, films, sheets and pipes, are widely used
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in household appliances, automobiles, furniture, packaging
industry and so on. To make a superhydrophobic PP surface
can extend the application and performance of PP materials in
many fields. Erbil et al. fabricated superhydrophobic gel-like PP
coating from its solution by using a good/poor solvent mixture
under a controlled drying temperature.”® This good/poor
solvent method is prevalent to fabricate superhydrophobic PP
coatings.”*">* However, superhydrophobic PP coatings can also
be obtained by solution casting method without using the poor
solvent, but the hydrophobicity was easily affected by the
concentration of the polymer solution, the mass coated per unit
area or the thickness of the coating etc.”* ' Because of the
high degree of crystallinity, PP is hard to dissolve. A high
temperature (above 120 °C, in general) and long-term stirring
are essential to make a uniform solution. Adding heterogeneous
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Figure 1. SEM images of the untreated PP nonwoven fabrics (a) and the fabrics treated by cyclohexane for 90 (b), 180 (c), and 300 min (d) at 70

°C and 30 (e) and 90 min (f) at 75 °C, respectively.

nucleating agents, such as halloysite nanotubes, zinc oxide
nanoparticle, is another effective method to prepare super-
hydrophobic PP composite coatings.”> >° These nanomaterials
can accelerate the phase separation process and generate
micronano multiscale structures. Templating or laminating
exfoliation is a widely used technique to fabricate super-
hydrophobic PP materials.’**™> For example, Hsu et al.
constructed artificial I'-shape hairs via membrane casting.*®
Similarly, template of PTFE-coated-sieves was used.”” Trans-
parent and superhydrophobic PP/HDPE materials were
fabricated by laminating exfoliation method. This process is
so instant that the materials can be delivered to customers
as“peel and use”.*® Moreover, electrospinning i-PP solution or
i-PP melt can obtain the superhydrophobic PP fabrics.***!
Besides, another methods were proposed. For example, Bekesi
et al. prepared superhydrophobic PP surface via parallel laser
processing followed by variothermal injection molding.*” The
technology combined injection molding with microworking
robot was also introduced to construct PP micro/nano
roughness.*** By immersing H,SO, etched PP fabrics in
SiO,/graphene oxide solution and then treating it with
octyltrichlorosilane, a CA over 156° was achieved.* All these
methods have been employed to prepare superhydrophobic PP
materials successfully, but there are some disadvantages
including the usage of the toxic chemicals, complicated and
time-consuming processes, harsh fabricating conditions, specific
equipment, high energy consumption, or unavailable for scale
production.

Up to now, many of the reported superhydrophobic
phenomena specially focused on the wettability of pure
water.**~° However, other liquids in our daily life are ignored,
such as milk, coffee, soy sauce, vinegar, blood and urine, which
easily contaminate our clothes, table cloth, or bedclothes. Thus,
it is of great significance to prepare the fabrics with the ability to
repel the aforementioned liquids, especially for medical workers
and those who cannot take care of themselves, like children, the
elderly, and the patients.

In this research article, PP fabrics with the ability to super-
repel a variety of liquids were fabricated by a solvent swelling

method. The heated cyclohexane can swell PP molecules, and
consequently submicron protuberances are generated through
the recrystallization of the swollen polymer chains during the
solvent evaporation process. The obtained superhydrophobicity
demonstrates excellent durability and robustness, such as good
resistances to water penetration, abrasion, acidic/alkaline
solution and boiling water. Moreover, the solvent swelling
method is simple, rapid, low toxic, and performed at a relatively
low temperature, which make it suitable for large-scale
fabrication.

2. EXPERIMENTAL SECTION

2.1. Materials. Commercially available PP nonwoven fabrics were
used. The mean diameter of the fiber is about 19 ym (Supporting
Information Figure S1a), and the thickness of the fabrics is about 332
um (Supporting Information Figure S1b). Cyclohexane and chloro-
form of analytical grade were obtained from Beijing Chemical Works.
Heptane of analytical grade was purchased from Guangdong
Guanghua Sci-Tech Co., Ltd. PP sheets were products of Deli
Stationery Company (Ningbo, China). All chemicals were used as
received without further purification.

2.2. Fabrication of Superhydrophobic PP Materials. Gen-
erally, 50 mL solvent in a 100 mL flask was heated to a desired
temperature. PP nonwoven fabrics were immersed in the heated
solvent for a certain time, and then were taken out to evaporate the
residual solvent at ambient circumstance. Other PP materials were
treated in similar ways.

2.3. Characterization. Water CA was characterized using a drop
shape analysis instrument (KRUSS DSA 100, Germany) at ambient
temperature via a sessile drop method. A water droplet of 5 L was
employed. Each CA value was an average of five measurements made
on different positions of the surface. Surface morphology was
investigated by scanning electron microscope (SEM, JEOL-7500,
Japan) operated at S kV. Differential scanning calorimetry (DSC)
measurements were performed using DSC Q2000 TA Instruments-
Waters LLC (America) at a heating/cooling rate of 10 °C/min in
nitrogen atmosphere. Wide angle X-ray diffraction (WXRD) was
performed by P2 X-ray polycrystal diffractometer (PANalytical,
Holland). Cu was used as the anode material, the generator voltage
was 40 kV, the tube current was 40 mA, and the scan angle (26) ranges
from S to 40°. Tensile property was characterized by universal
materials tester (INSTRON 3365, America) according to ISO 1184-
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198 at a tensile rate of 50 mm/min in ambient circumstance.
Resistance to water penetration-hydrostatic pressure was investigated
by M018 (SDL, UK) according to ISO 811-1981, MOD. The
hydrostatic pressure was applied dynamically with a water pressure
rising rate of 60 cm H,0/min. The value of the hydrostatic pressure
was recorded when seepage emerged at three positions. Abrasion
resistance measurement was carried out by felt using circular locus
method and the hammer weighted 395 g. After 2000 times, contact
angle and surface morphology were characterized again.

3. RESULTS AND DISCUSSION

3.1. Swelled by Cyclohexane. PP with a high degree of
crystallinity is difficult to dissolve. Generally, the most
frequently used solvents like xylene, decalin, and trichlor-
obenzene are highly toxic. However, cyclohexane, with low
toxicity, can swell PP at a temperature higher than 60 °C.>"**
Herein, cyclohexane was used to treat PP nonwoven fabrics.
Figure 1a shows that the surface of the untreated PP fabrics is
featureless. However, surface roughness of the fabrics increases
after immersing the fibers in cyclohexane at 70 °C for a certain
period of time. Several hundred nanometers’ protuberances
form on the fiber and some aggregations can also be observed
(Figure 1b—d). In addition, the amount of the protuberances
increases with prolonging the treating time (Figure 1b—d). The
submicrometer sized protuberances get the surface roughness
increase, and in combination with the inherent hydrophobicity
of polypropylene (the surface tension is about 29.4 dyn/cm®?),
the water repellency of the fabrics is improved. As shown in
Figure 2, water contact angle (CA) of the fabrics increases as
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Figure 2. Water CAs of PP nonwoven fabrics treated by cyclohexane
with different time at 70 and 75 °C, respectively.

the immersing time further increases, and the superhydropho-
bic PP fabrics with a CA larger than 150° can be obtained when
the immersing time exceeds 90 min.

The preparing time of the superhydrophobic PP fabrics can
be shortened by elevating the temperature. At 75 °C, the
submicron protuberances also form on the fiber surface (Figure
le and f). Compared to the morphology of the fibers treated at
70 °C, elevating temperature leads to the formation of large
amount of protuberances in a shorter period of time (Figure le
and f). The critical time to make the superhydrophobic PP
fabrics decreases from 90 min (70 °C) to 30 min (75 °C)
(Figure 2). This can be ascribed to the higher swelling degree
of the fibers at the elevated temperature. Since more PP
molecular chains would be swelled at the higher temperature in
the same treating period, more protuberances can form through
the recrystallization of the swollen macromolecules during the

solvent evaporation process. Elevate the temperature to 80 °C,
the critical time to prepare superhydrophobic PP fabrics can be
shortened further. However, the fiber turns to be very porous
(Figure S2a in the Supporting Information), and the
mechanical strength decreases so dramatically that the fabrics
can be easily torn up. This phenomenon indicates that certain
amount of PP molecules could dissolve into the solvent at a too
high temperature, resulting in the destruction of the integrity of
the fabrics.

3.2. Swelled by Cyclohexane/Heptane Mixture. Taking
the superhydrophobicity, mechanical strength and preparing
time into account, the method is optimized. Heptane, having a
less efficiency in swelling PP, was chosen to dilute cyclohexane.
After immersing the fabrics in heptane at 80 °C for 120 min,
the surface morphology of PP fabrics do not show detectable
change (Figure S2b in the Supporting Information). Super-
hydrophobic PP fabrics can only be obtained by treatment in
heptane at 95 °C for more than 100 min (Figure S3 in the
Supporting Information). Submicron protuberances, grooves or
holes form on the fibers, and the water CA increases as a result
(Figure S3 in the Supporting Information). However, heptane
is not the best choice for the fabrication of superhydrophobic
PP fabrics because of the high temperature and long treating
time. Herein, preferable preparation conditions for the
superhydrophobic PP fabrics are proposed, that is using the
mixture of cyclohexane and heptane. Two mixed solvents, that
is, solvent A cyclohexane/heptane = 1/1 (volume ratio) and
solvent B cyclohexane/heptane = 1/2 (volume ratio) were
adopted at 80 °C. The SEM and CA images after treatment are
shown in Figure 3. The SEM images demonstrate that a large

Figure 3. SEM images of PP fabrics treated by the mixed solvent A for
10 s (a) and S min (b), and by the mixed solvent B for 10 s (c) and §
min (d) at 80 °C, respectively. The insets are the corresponding water
CA images.

number of granular aggregations appear on the surface, and the
CAs are higher than 150°. More interestingly, the mixed
solvents do shorten the preparing time, and the super-
hydrophobicity can be achieved in 10 s. In addition, when
the immersing time increases to 5 min, some grooves emerge
on the surface of the fiber treated by solvent A (Figure 3b)
while protuberances with larger size for the samples treated by
solvent B (Figure 3d). The difference may be due to the fact
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that solvent A with a higher concentration of cyclohexane may
dissolve some PP molecules at 80 °C.

3.3. Repellency to Various Liquids. The resultant
superhydrophobic PP fabrics show a CA over 150° and a
small water sliding angle as well. A S uL water droplet sticks on
the pristine PP fabrics surface even when the surface is upside
down (Figure S4a in the Supporting Information). After
treatment with the mixed solvent, the water droplet would slide
off at a sliding angle of 23° (Figure S4b in the Supporting
Information). When water droplets of about 80 uL were
dropped on the fabrics tilted at an angle of about 10°, water
droplets could easily roll off from the treated fabrics while
adhere on the untreated fabrics (Supporting Information Figure
S4c and Movie S1). Thus, the water repellency is improved
after immersing the fabrics in the heated solvent for a very short
time. Because of the increase of the surface roughness, air can
be trapped into the microstructures as a solid—liquid barrier.
The air cushion decreases the contact area between the droflet
and surface and thus the liquid droplets can roll off easily.>* >’
The prepared superhydrophobic PP fabrics can also repel other
liquids. Some liquids in daily life, such as milk, coffee, vinegar,
and soy sauce, can rest on the surface in a sphere shape and can
roll off easily with slight tilt or shake (Figure 4). Therefore, the

Figure 4. Digital photos of various liquid droplets of about 80 xL in
volume resting on PP nonwoven fabrics treated by solvent B for 10 s at
80 °C.

fabrics show promising applications as garment, apron, table
cloth and so on. Moreover, the superhydrophobic PP fabrics
can also super-repel body fluids like blood and urine, which
means they are potential to be applied as medical and health
supplies, such as protective garments and diaper pads.

3.4. Crystallization Behavior. The degree of crystallinity is
calculated through the melting enthalpy ratio of the sample and
100% crystalline i-PP. The equilibrium enthalpy of fusion of
100% crystalline i-PP is 8.7 kJ/mol®® and the corresponding
melting enthalpy is 207 J/g. DSC results (Table 1 and Figure
SS in the Supporting Information) show that the crystallinity
degrees of the pristine and superhydrophobic fabrics are 41.7%
and 46.0%, respectively. The increase may be caused by the

recrystallization occurred after the solvent treatment. However,
the increment (4.3%) is slight because the immersing time is so
short that only the polymer chains on the surface are swelled
and recrystallized. In addition, from the WXRD patterns,
several distinct diffraction peaks at 26 values of approximately
13.9, 16.7, 18.4, 21.1, and 21.7 can be seen, corresponding to
the (110), (040), (130) and overlapping (131) and (111)
crystal planes, respectively (Figure Sa). They are typical
characteristic peaks of a-crystal of PP.®"** The peak width at
half-height of the characteristic peaks of (110), (040), (130)
between the untreated and treated fabrics show no obvious
variation, however, the intensity of the overlapping (131) and
(111) peaks increases. The integral area indicates that the
degree of the crystalline increases slightly, which is in
agreement with DSC results. DSC and WXRD investigations
confirm the occurrence of the recrystallization after the solvent
treatment, which contributes to the formation of the micro-
structures on the fiber surface and the improved water
repellency. However, the recrystallization occurred only on
the fiber surface due to the short swelling time, and the
integrity of the fabrics does not change. As a result, the
mechanical properties of the fabrics largely remained after the
solvent treatment. As shown in Figure Sb, the tensile strength
of the superhydrophobic fabrics decreases by 18.2%, and the
elongation increases by 39.1% after the solvent treatment. The
decrease in the tensile strength may be the result of the
recrystallization reducing the orientation of the polymer chains
on the fiber surface and the formed rough microstructures
acting as defects for the local stress concentration. The treated
fabrics shrink to a certain degree owing to the existence of the
internal stress during the fabrics preparation. Because of the
shrinkage, the thickness of the fabrics increases from 331 to 422
um (Supporting Information Figure Slc). Therefore, the
increase of the elongation of the superhydrophobic PP fabrics
is largely due to the shrinkage of the fabrics after the treatment.
For the samples treated in cyclohexane at 70 °C, we do find
that the degree of the crystallinity increases and the tensile
strength decreases with the treating time, which corroborates
our explanation (Supporting Information Figure S6).

3.5. Hydrostatic Pressure Measurement. Resistance to
water penetration is important for waterproof fabrics. The test
of resistance to water penetration was investigated by MO018
(SDL, UK) according to ISO 811-1981, MOD. The hydrostatic
pressure was applied dynamically with a water pressure rising
rate of 60 cm H,O/min and the value of the hydrostatic
pressure was recorded when seepage emerged at three
positions. As shown in Figure 6a, the hydrostatic pressure of
the prepared superhydrophobic fabrics is 26.0 & 2.5 cm water
while that of the untreated fabrics is 10.8 + 1.9 cm. The
improvement can be ascribed to the rough structure on the
fibers. Compared to the smooth fiber surface, the rough
structure of the superhydrophobic fabrics can trap more air,
which can resist water permeation. The “air layer effect” will
disappear and the Cassie state will transform to Wenzel state
when the pressure exceeds the threshold.®>~%

Table 1. DSC Results of PP Fabrics before and after Treated by the Mixed Solvent B for 10 s at 80 °C

melting temperature (°C)  crystallization temperature (°C)

before 163 119
after 163 120

melting enthalpy (J/g)

crystallization enthalpy (J/g)  degree of crystallinity (%)

86.3 98.5 41.7
95.3 107.1 46.0
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Figure 6. Hydrostatic pressure values of the PP fabrics: untreated and superhydrophobic fabrics before and after 2000 times abrasion (a). SEM
images of the superhydrophobic fabrics before (b) and after (c) abrasion test. The high-magnification images of (c) show the retained protuberances
(d), and the destruction of the protuberances (e), respectively. The insets are the corresponding water CA images.

Figure 7. SEM and CA images of the superhydrophobic PP fabrics after immersed in aqueous solution of 1 mol/L HCI (a, b), 0.1 mol/L NaOH (c,
d), and boiling water (e, f) for 24 h, and after exposure to the natural environment for 10 months (g, h). The high-magnification images of panels a,
¢, ¢, and g are shown in panels b, d, f, and h, respectively. The insets are the corresponding water CA images. The digital images (i—1) show the water
droplets with different pH values setting on the fabrics after the corresponding treatment indicated in panels a—h. The pH values of the blue, pink,

and orange water droplets are 7, 0, and 14, respectively.

3.6. Robustness and Durability of the Superhydro-
phobicity. The weakness of the superhydrophobicity limits the
practical applications of the superhydrophobic materials. The
abrasion test was carried out by felt using circular locus method
with a hammer of 395 g. After abrasion 2000 times, water CA of

14000

the fabrics remains over 150° (Figure 6¢c). SEM images show
that most of the protuberances are retained (Figure 6d) except
some are worn off (Figure 6e). Since the microstructure retains,
the hydrostatic pressure is about 28.0 + 3.1 cm, comparable to
that before the abrasion (Figure 6a).
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Figure 8. Contact angle images of water (a) and chloroform (b) on the superhydrophobic PP fabrics. Photographs show the oil/water separation
using the superhydrophobic PP fabrics as the separation material (c, d). Photograph of the chloroform separated from water/chloroform mixture
using the superhydrophobic PP fabrics after treated by 1 mol/L HCI aqueous solution or 0.1 mol/L NaOH aqueous solution or boiling water for 24
h, respectively (e). The separation of the oil/water mixtures with the water phases having different pH values (f). The water phase with different pH

was dyed by ink with different colors.

The resistance to acidic/alkaline solution was tested by
immersing the superhydrophobic fabrics in 1 mol/L HCl or 0.1
mol/L NaOH aqueous solution for 24 h. From Figure 7a—d, it
can be seen that some of the microsized protuberances
disappeared after the treatment compared with Figure 3c,
however, most of the finer structures are retained. The reserved
rough structures lead to the superhydrophobicity largely
maintained, as a result, the water CAs only slightly decrease
to 151 + 1° and 151 + 2°, and the sliding angles increase from
23 + 5° to 57 + 3° and 53 =+ S° respectively. The good
resistance to acid/alkali suggests the superhydrophobic fabrics
can be used in harsh environment. Similar results can be found
after immersing the superhydrophobic fabrics in boiling water
for 24 h (Figure 7e, f). A water CA of 151 + 2° and a sliding
angle of 45 + 3° were observed on the treated samples,
implying the superhydrophobicity can be largely reserved after
boiling sterilization. In addition, the fabrics are still super-
hydrophobic with a CA of 154 + 3° after exposure to the
natural environment for 10 months, as shown in Figure 7g and
h. Water droplets with different pH values ranging from 0 to 14
can still rest on the surface in spherical shapes and slide off
easily from the fabrics after the treatments as mentioned above,
demonstrating the robustness of the superhydrophobicity
(Figure 7i-1).

3.7. Oil/Water Separation. Oil spilling accidents have
caused serious water pollution. The development of effective
and cheap oil/water separation materials is urgent for treating
the oily water. Recently, the materials with special wettability
have been utilized to separate oil/water mixture.**~”> The PP
fabrics after treatment are simultaneously superhydrophobic
and superoleophilic, with the water CA over 150° (Figure 8a),
and oil CA of 0° (Figure 8b). The special wettability of the
fabrics makes it repel water while allow the permeation of oil. A
simple device for oil/water separation is designed, as shown in

Figure 8c. The superhydrophobic fabrics are fixed in a PTFE
valve to form a sandwich structure. After the mixture of
chloroform and water was poured into the column, chloroform
would pass through the fabrics while water (dyed blue) would
be stored above the fabrics (Figure 8d and Supporting
Information Movie S3). In addition, the flux of chloroform is
about 764 + 5.5 L/(m?s) in this device driven by gravity.
However, the untreated PP fabrics cannot separate the oil/
water mixture completely (Supporting Information Figure S7a
and Movie S2) since it has lower resistance to hydrostatic
pressure than that of the modified fabrics. Furthermore, oil/
water mixture can be separated completely even the fabrics are
treated either by 1 mol/L HCI, 0.1 mol/L NaOH aqueous
solution or boiling water for 24 h (Figure 8e). Because of the
robust superhydrophobicity of the as-prepared fabrics, it is
potential to be applied in extreme environment conditions, like
at high temperature or in strong acidic or alkaline circumstance.
Figure 8f shows the separation of the oil/water mixtures with
pH values of the water phases ranging from 0 to 14. It can be
seen that pure oil can be collected from the mixtures.

4. CONCLUSIONS

In summary, superhydrophobic PP fabrics were facilely
fabricated by a solvent swelling method. The fiber surface
was swelled by heated solvent and then the swelled polymer
chains recrystallized during the solvent evaporation process,
leading to the formation of submicron protuberances. The
superhydrophobic fabrics can repel various liquids, such as milk,
coffee, vinegar, soy sauce, blood, and urine. Beyond that, the
superhydrophobic fabrics exhibit excellent durability and
resistance to water penetration, abrasion, acidic/alkaline
solution and boiling water. These remarkable characteristics
indicate potential applications as oil/water separation materials,
protective garments, diaper pads or other medical and health
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supplies. Moreover, the method used here is facile, rapid, low
cost, scalable, and versatile, thus it can be easily applied to
prepare various types of superhydrophobic PP materials.
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