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Abstract: In this study, a green and pollution-free multifunctional
superhydrophobic paper-based material was prepared using a simple and
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nature, superhydrophobic properties can be successfully
imparted to various substrates using various engineering
techniques™™, thus solving practical problems related to
surface self-cleaning, friction and drag reduction, and the
prevention of road ice formation® . Water droplets glide
effortlessly across the surface of lotus leaves, carrying
away dirt and debris. This unique phenomenon has
attracted the attention of scientists®®. Delving into
microscopic examinations, Barthlott et al ™ identified that
this effect is a result of the combination of microscopic
papillae and hydrophobic waxes on the leaf’s surface.
Feng et al ® further expanded on this research,
discovering that the microscopic papillae on the lotus
leaves possess even finer nanostructures. This intricate
blend of micro- and nano-roughness imparts the
superhydrophaobic properties to lotus leaves.

Paper has a wide range of applications in industrial
and agricultural production and everyday life ¥. Paper is
a green and nonpolluting material found everywhere in
daily life and is widely used in agricultural and industrial
production ™. Paper mainly consists of netted plant
fibers that are abundant and inexpensive in nature ™,
Moreover, plant fibers are nonpolluting, biodegradable,
recyclable, and mechanically strong. Therefore, it is
considered an attractive material. However, given that
paper-based materials are susceptible to moisture, the
paper performance decreases when water is absorbed,
which limits its application ">,

The emergence of superhydrophobic paper has provided
an effective solution to this challenge, as it can
dramatically improve the paper’s resistance to moisture
and water while also providing excellent self-cleaning
and stain resistance properties ™. A prerequisite for
fabricating superhydrophobic materials that are widely
used in real-life application is a simple, efficient, and
green preparation method ™.

Currently, the methods of preparing superhydrophobic
paper include chemical grafting modification ™,
layer-by-layer self-assembly ®** supercritical solution
rapid expansion ™, plasma treatment ***", phase sepa-
ration ®?, impregnation ®*, electrostatic spinning **",
chemical vapor deposition *, and spraying **. Impreg-
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nation is equivalent to immersion in a solution. During
the preparation process, the substrates must be immersed
in the solution, and then the substances in the solvent
can be attached to the paper surface via curing to obtain
special properties . The paper prepared using this method
exhibited good superhydrophobicity. The dip-coating
technique was chosen because it is simple, widely applied,
and provides a uniform coating.

Commonly used materials for the construction of
micro/nano rough structure include nano titanium dioxide
(TiO,) ¥ Sio, B*1 ALO, ¥*1 mixed wax *¥, and
zirconia ®*. Considering the cost, preparation process,
and other factors, inexpensive and easily available TiO,
nanoparticles were chosen to construct the rough
structures of superhydrophobic materials.

In this study, two different sizes of nano-sized
TiO, were mixed with chitosan to prepare composite
materials with micro-nano level rough structures,
and a multifunctional superhydrophobic coating was
successfully prepared via low-surface-energy modification
with cheap and non-toxic stearic acid.

2 Material and methods

2.1 Material

99.8% metal-based TiO, nanoparticles (average particle
size of 5-10 nm and 40 nm) were purchased from
Shanghai Meryer Chemical Technology Co., Ltd. The
chitosan (CS) with deacetylation degree >95% and
viscosity of 100-200 MPa's was purchased from
Shanghai Macklin Biochemical Technology Co., Ltd.
Analytical-grade stearic acid (CH,(CH,),,COOH, SA)
was purchased from Tianjin Ruijinte Chemicals Co.,
Ltd. Furthermore, analytically pure anhydrous ethanol
was purchased from the Tianjin Beichen Fangzheng
Reagent Factory. Filter paper was provided by the Jiangsu
Taizhou Aoke Filter Paper Factory. All chemicals were
used as received, and no further purification was required.

2.2 Experimental methods

2.2.1 Surface modification of nanoparticles
First, 0.6 g of stearic acid was added to 30 mL of
anhydrous ethanol for ultrasonic dissolution to ensure



that all the stearic acid was evenly dissolved in anhydrous
ethanol, and a 20-g/L stearic acid ethanol solution was
obtained.

Second, the inexpensive and nontoxic stearic acid
was used to modify the nanoparticles. A certain amount
of 40 nm-TiO, was added to an anhydrous stearic acid
ethanol solution, which was vigorously stirred for 1 h at
room temperature, and then an ultrasonicated instrument
was used for 30 min. To this suspension, 0.12 g of
chitosan was added and stirred for 2 h to obtain a
TiO,@SA/CS superhydrophobic coating. Depending on
the amount of TiO, added, the coatings were named
TiO,@SA/CS-X (X=1, 2, 3, 4, 5; corresponding to
additions of 0.6 g, 0.72 g, 0.84 g, 0.96 g, and 1.08 g,
respectively). Below, unless otherwise indicated, the
TiO, additions to the TiO,@SA/CS coatings in the tests
were all 0.84 g. On the basis of the above experiments,
in order to investigate the effect of a single component
on the interfacial wettability, the TiO,@SA coating,
TiO,/CS coating, CS@SA coating were prepared by
reducing a single component, respectively.

Third, under the premise that the total amount of
nano TiO, added remains unchanged, two kinds of TiO,
with different particle sizes (5-10 nm and 40 nm,
respectively) were compounded in different ratios, and
the coatings were named as TiO,(A:B)@SA/CS (A : B=
10: 0,9:1,7: 3 5:5 3:7,1:9 0: 10)
according to the different ratios of the compounding.
2.2.2 Preparation of superhydrophobic paper
The cleaned filter paper was immersed in the
superhydrophobic coating prepared above for 10 min,
and then the filter paper was slowly removed and
placed horizontally in an oven at 80 °C. After drying,

TiO,

Stir

Sonication

SA VW Ethanol splut@on of
stearic acid

Dipping

PBM < Superhydrophobic Paper

the superhydrophobic paper was finally obtained.
2.3 Measurement and characterization

The surface morphology of the paper before and after
the treatment was observed using a field-emission
scanning electron microscope (FE-SEM, ZEISS Sigma
500) at 5.0 kV. The surface elemental composition was
determined using Fourier-transform infrared spectrometry
(FT-IR  Spectrometer, PerkinElmer) and X-ray
photoelectron spectroscopy (Axis Supra, Shimadzu).
An X-ray diffractometer (Ultima IV, Rigaku) was used to
analyse the crystal structure of the sample material. An
optical contact angle-measuring instrument (JC2000D1,
Shanghai Zhongchen Digital Technology Equipment
Co., Ltd.) was used to measure the water contact angles
(WCA) of the coatings. The static drop method was
used to measure the WCA at ambient temperature. A
drop of water (approximately 5 pL) is carefully placed
on the paper. The average WCA was determined by
collecting the same sample from five different locations.

3 Results and discussion

3.1 SEM and wettability

Two key factors in the preparation of superhydrophobic
materials are low-surface energy and rough structures.
The paper surface morphology was measured via SEM
before and after modification, and the influence of the
surface morphology on the superhydrophobic properties
was discussed.

Fig. 2(a) and Fig. 2(b) show SEM images of the raw
paper surface and superhydrophobic paper surface,
respectively. It is clear from Fig. 2(a) that the untreated
paper mainly comprises reticulated plant fibers with a

Measuring &4 E 3% T
contact angle Paper base

Fig. 1 Schematic diagram of the formation process of superhydrophobic paper
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Fig. 2 SEM images of paper with (a) hydrophilic bottom surface and (b) superhydrophobic coated surface

specific rough structure, many gaps, and pores between
the fibers. It can be observed from Fig. 2(b) that the
microscopic surface morphology of the superhydrophobic
paper changes significantly, showing a denser coating when
compared to the unmodified paper. Stearic acid-modified
TiO,/CS micro-nano composite particles were deposited
on the filter paper surface, filling and completely covering
the pores of the original paper. Numerous modified
composite particles adhere to the paper surface via
physical adsorption. This accumulation, coupled with
the irregular positioning of diverse micro-nano particles,
creates a multitude of voids and cavities. This results in a
paper surface characterized by its micro/nano multi-scale
rough texture. Enhancing the paper’s surface roughness
is crucial for constructing superhydrophobic surfaces.
Wettability was characterized by the contact angle
measured on the paper surface. Fig. 3 shows images of

water drops on the surface of the raw paper, micro-nano
composite particles modified paper, stearic acid-reagent-
modified paper, and superhydrophobic-coated paper.
Although the paper-based material exhibits a rough
surface structure, the paper-based material is hydrophilic
prior to modification due to the hydrophilic groups on
the surface, and the measured WCA is approximately 70°.
When the paper surface is covered with TiO,/CS micro-
nano composite particles, the paper is superhydrophilic
and water droplets can be absorbed by the paper
instantly because chitosan and nano TiO, exhibit strong
hydrophilicity, and the micro-nano particles provide high
roughness. The measured WCA was approximately 0°.
After modification with stearic acid, the surface of the
filter paper changed from hydrophilic to hydrophobic,
and the WCA changed from 70° to approximately 120°.
The sample treated with the TiO,@SA coating exhibited

Fig. 3

Images of water droplets on different substrate surfaces: (A) original paper surface; (B) paper surface coated with TiO,/CS

micro-nano composite particles; (C) paper surface modified with stearic acid; (D) paper surface treated with TiO,@SA/CS coating;
(E) and (F) cross-sectional SEM images of original paper and paper treated with TiO,@SA/CS coating, respectively
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high hydrophobicity, and the static contact angle was
greater than 140°. Additionally, while it exhibited a
significant roll angle—well above 10°—it did not quite
achieve the superhydrophobic effect. After depositing
TiO,/CS composite particles followed by a stearic acid
treatment, rendering the paper’s surface notably
hydrophobic, the filter paper’s hydrophobicity was
further augmented compared with the sample created
using TiO,@SA. Chitosan contributes to enhancing the
composite’s resistance to wetting.

While keeping the quantities of immobilized chitosan
and stearic acid constant, the impacts of varying TiO,
amounts on surface wettability by adjusting the quantity
of 40-nm TiO,were investigated . As depicted in Fig. 4(b),
the optimal moisture resistance is observed when the
ratio of TiO, : CS: SAis 7 : 1 : 5. The hydrophobic
paper exhibited a contact angle of up to 151° and a roll
angle of 9°, indicative of its superhydrophobic properties.

It can be observed from Fig. 4(c) that among the
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superhydrophobic coatings prepared using composite
nanoparticles with different sizes, the
superhydrophobic coating prepared using composite
nano-sized TiO, exhibits a better superhydrophobic effect
than that prepared using single-sized TiO, nanoparticles.
When the ratio of 5-10-nm to 40-nm TiO, particles was
7 : 3, it exhibited a contact angle of up to 160° and a roll
angle of 3°. Given that the surface roughness is one of
the key factors for the formation of superhydrophobic
surfaces, AFM was used to further characterize the
roughness values of the superhydrophobic coatings,
which were TiO,@SA/CS superhydrophobic coating
and TiO,(7 : 3)@SA/CS superhydrophobic coating. As
shown in Fig. 5(a) and Fig. 5(b), it can be demonstrated
that the roughness of the paper modified by different
superhydrophobic coatings varies significantly, and the
superhydrophobic coatings prepared by compounded
nanoparticles exhibit better surface roughness. This is due
to the fact that a large number of TiO, particles, with
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Fig. 4 (a) Effect of superhydrophobic coating components on the WCA of paper surfaces; (b) WCA on the surface of samples prepared
with different addition ratios of TiO, : CS : SA, (c) WCA of TiO,(A : B)Y@SA/CS coatings with different compounding ratios
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Fig. 5 AFM 3D surface structures of superhydrophobic coatings prepared when the ratio of (a) 5-10-nm to 40-nm TiO, particles is

7 : 3 and (b) superhydrophobic coatings formulated at 40 nm
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different particle sizes, gathered together to form a more
complex multi-scale hierarchical structure, which resulted
in a rougher micro-nano composite structure. According to
the Cassie model, liquid droplets do not penetrate rough
grooves. Instead, they lie at the solid-air-liquid interface,
and the SEM image of the paper cross-section in Fig. 3
also indicates that the superhydrophobic paper surface
has a rougher micro-nano-composite structure. When
water drops from the coating surface, air is trapped in
the micropores and forms an air cushion on the coating
surface, forming a liquid-air-solid composite interface,
which prepared coatings exhibiting
superhydrophobicity.

results in

3.2 FT-IR analysis

The presence and binding of stearic acid molecules on
the surface of the nanoparticles were investigated via
FT-IR. The FT-IR spectra are shown in Fig. 6. The
spectra of the stearic acid-modified TiO, nanoparticles
show peaks at 2914 cm™ and 2846 cm™, corresponding
to C—H stretching vibrations in methyl (—CH,) and
methylene (—CH,), respectively. The aforementioned
characteristic peaks are all from the nonpolar part of
stearic acid, indicating that all the absorption peaks due
to the presentence of nonpolar part of stearic acid. This
indicates that the nano-TiO,@SA composite-modified
superhydrophobic coating had long carbon chains,
which were formed by the reaction of nano-TiO, with
stearic acid.

In the FT-IR spectrum of chitosan, the broad peak at
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Fig. 6 FT-IR spectra of nano-TiO,, chitosan, stearic acid,
TiO,@SA, and TiO,@SA/CS composite particles
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approximately 3435 cm™ corresponds to the stretching
vibrations of O—H of the hydroxyl group and N—H of
the amino group in chitosan. In the FT-IR spectrum of
TiO,@SA/CS, the broad peak near 3435 cm™ became
obviously smaller, while the absorption peak at 1590 cm™,
belonging to the chitosan amino group, disappeared
mainly due to the reaction about —NH, of chitosan.
Furthermore, stearic acid prevented the formation of
hydrogen bonds within and between the chitosan
molecules.

Simultaneously, the appearance of absorption peaks
at 2914, 2846, and 1704 cm™ indicated the presence of
carboxyl groups in the composites. By comparing the
FT-IR spectra of the composites and stearic acid, it was
determined that the absorption peaks of the composites
became weaker at 1704 cm™ and 1469 cm™ and
disappeared at 2675 cm™. Furthermore, the absorption
peak of the polar part significantly weakened or
disappeared, indicating that only a small amount of stearic
acid was absorbed on the surface of the nanoparticles
and that there was nearly no free residual fatty acid in
the product.

3.3 XPS analysis

TiO,@SA/CS nanocomposites were  successfully
positioned on a paper substrate. The uncoated filter
paper and superhydrophobic paper coated with the
nanocomposite, were analyzed using XPS. In Fig. 7, the
uncoated paper shows two different peaks at the binding
energies of 283.9 eV and 530.3 eV, corresponding to

Ols
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Fig.7 XPS spectra of uncoated paper surface and superhydrophobic
paper surface



carbon atoms (C1s) and oxygen atoms (O1s), respectively.
This result was expected because the paper was made
of plant fibers basically.

However, despite the presence of oxygen and
carbon peaks, the XPS wide-scan spectrum of the
superhydrophobic paper exhibited other peaks. The
peak with the lowest binding energy (398.9 eV) belongs
to the nitrogen atoms (N1s). Among the materials used
in this experiment, only chitosan contained N, indicating
that it was successfully retained in the superhydrophobic
paper. Ti2p peaks representing the TiO, nanoparticles
were observed at binding energies of 456.2 eV and
461.8 eV. Their intensities were quite high because of
the high degree of adsorption of the TiO, nanoparticles
on the surface layer of the superhydrophobic paper.

Table 1 shows the quantitative atomic contents
results based on XPS. With the uncoated paper, 39.25% of
the surface layer consisted O1s, and 60.75% of the surface
layer consisted Cls. However, for the superhydrophobic
paper, the carbon content decreased ([C]=55.14%) because
the surface layer adsorbed more TiO, nanoparticles on
fibers of paper. As shown in Table 1, the C/O ratio of
the uncoated paper is 1.55 and that of the prepared
superhydrophobic paper increases to 1.72, which increases
the proportion of Cls owing to the coating with stearic
acid. 12.38% of the superhydrophobic paper surface
comprised Ti atom, indicating that TiO, nanoparticles were
highly adsorbed on the paper surface. The appearance of
N1s was attributed to the presence of chitosan
macromolecules on the coating surface. A comparison
of the full XPS spectra before and after the surface
hydrophobic coating treatment showed that the modified
paper surface contained Ti and N atoms, indicating that
TiO, and chitosan were successfully absorbed on the
paper surface. The C/O ratio of the coating increased
after modification, indicating that the coating surface
was successfully modified with stearic acid.

Table 1
superhydrophobic paper

Atomic contents for unmodified paper and

Samples [Cl/% [0O)% [N)/% [Tij/% C/O
Uncoated paper 60.75 39.25 - - 1.55
Superhydrophobic paper 55.14 32.01  0.48 1238 172
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SEM-EDS was used to investigate the elemental
distribution of the TiO,@SA/CS superhydrophobic paper
(Fig. 8). The characteristic elements of the coating
include C, O, N, and Ti, and these four elements are
evenly distributed in the coating, indicating that the
superhydrophobic coating is uniformly modified on the
surface of the paper.

Fig. 8 Elemental mapping of superhydrophobic paper surfaces

3.4 XRD analysis

The XRD patterns of TiO, nanoparticles, chitosan, stearic
acid, and TiO,@SA/CS composite coating are shown in
Fig. 9. The diffraction pattern of the composite coating
was essentially similar to that of TiO, nanoparticles,
with a particle size of approximately 40 nm. In Fig. 8,
the strongest peaks of both the composite coating and
TiO, nanoparticles are at 26=25.50°, which represents
the (101) crystal plane in TiO, crystals, and the other
characteristic peaks correspond to the crystal planes
labelled in Fig. 9. It is known that the ore type of TiO,
before and after modification does not change, and it
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Fig. 9 XRD spectra of nano-TiO,, chitosan, stearic acid, and
TiO,@SA/CS superhydrophobic coatings
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remains consistently as anatase.

Chitosan exhibits two wide characteristic diffraction
peaks at 20=11° and 20°, and this crystal structure is
completely consistent with the reported crystal structure ",
The 11° diffraction peak of the superhydrophobic coating
disappeared, indicating that the amino group of chitosan
reacted with the carboxyl group of stearic acid to form
new crystals.

4 Properties of superhydrophobic coated
surfaces

4.1 Self-cleaning and liquid-repelling properties

Fig. 10 shows the self-cleaning performance of the
TiO,@SA/CS superhydrophobic composite coating
surface. Activated carbon powder was used as a pollutant
to characterize the self-cleaning performance of the
superhydrophobic composite coating surface. As shown
in Fig. 10, the activated carbon powder is sprayed onto
the surface of the superhydrophobic composite coating,
and then water is dropped onto the surface using a
dropper. When the droplet tumbled, the activated carbon
powder as pollutant on the coating surface was removed,
similar to the dust on the lotus leaf, such that the
composite coating surface showed the same excellent
self-cleaning performance as the lotus leaf.

As shown in Fig. 10, the prepared superhydrophobic

surfaces exhibited good liquid repellency to various
common liquids, such as coffee, milk, soy sauce, vinegar,
tea, and cola. The contact angles of various droplets
were greater than 150° . The pores of the prepared
superhydrophobic surfaces capture a large layer of air,
which effectively prevents the penetration of liquid droplets.

4.2 Antifouling properties and chemical stability
resistance

Furthermore, the coating exhibited good antifouling
properties in organic solvents with low boiling points
such as toluene, chloroform, ethanol, and acetone.
When an organic solvent was dropped onto the coating
surface, the surface was instantly wetted, and the
contact angle was approximately 0°. However, after
approximately 50 s under natural conditions, the organic
layer completely evaporated, and the surface regained
its superhydrophobic behavior (Fig. 11(b)). SEM
characterization of the samples after the evaporation of
the low-boiling-point solvent was performed. The results
are shown in Fig. 11(c) wherein a rough micro/nano
structure still exists on the paper surface, which proves
that the microstructure of the coating has not been
destroyed by low-boiling-point solvent. Therefore, the
coating exhibits good antifouling performance against
organic solvents to some extent.

The prepared TiO,(7 - 3)@SA/CS superhydrophobic

(2) 0% {(b)

Q'g 50.,

S ?%h

Fig. 11

Antifouling properties test of superhydrophobic paper: (a) diffusion of the ethanol droplet (5 L) on the coating surface; (b) the

water droplet on the coating surface after evaporation of ethanol; (¢) SEM image of paper surface after evaporation of ethanol
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coating surface showed excellent chemical resistance to
acids with different pH values, alkalis with lower pH
values, and 3.5-wt% NaCl solution. It can be observed
from Fig. 12 that the contact angle of solutions with pH
values from 2 to 10 varied from 154° to 158°, indicating
that the prepared superhydrophobic surface has superior
acid resistance while weak alkaline resistance. When a
strong alkaline solution with a pH value of 13 was dropped
onto the superhydrophobic coating surface, the surface
lost its superhydrophobicity. This is due to the fact that
when the coating encounters a strong alkaline solution
it produces stearate, which destroys the chemical
composition of the coating surface and changes the surface
from superhydrophobic to superhydrophilic with an
approximate contact angle of 0°. The results showed that
the prepared superhydrophobic coating surface exhibits
good chemical stability for solution with specific pH
value and antifouling properties in some organic solvents.

180

"0 09 0 o
140
120
100
80
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40
20

Water contact angle/(°)

2 5 7 10
pH value

Fig. 12 WCA of the TiO,(7:3)@SA/CS superhydrophobic
paper for solutions with different pH values

13 3.5 wt% NaCl

4.3 Repairability

In practical applications, superhydrophobic coating
surfaces are prone to mechanical wear, which makes
them easily lose their superhydrophobicity. The use of
easily repairable coating surfaces is an effective method
for increasing wear resistance and alleviating the problem
of mechanical damage. The coating prepared in this
study is also susceptible to mechanical scratching
(Fig. 13(a)) because a strong chemical bond between
the coating and paper substrate does not exist. However,
given that the manufacturing method is simple and time
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saving, it provides an opportunity to build a regenerative
system. When the mechanically damaged paper was
dipped into the superhydrophobic coating and air-dried,
the damaged paper surface exhibited superhydrophobicity
(Fig. 13(b)). Hence, the ability for easy repair is anticipated
to satisfy the requirements for superhydrophobicity in

future practical applications.
iS(x

@ am 1|®)

Fig. 18 Photographs of water droplets on (a) a damaged paper
surface and (b) a regenerated superhydrophobic surface

5 Conclusion

Multifunctional superhydrophobic coating surfaces on
paper substrates were successfully prepared using a
simple and efficient solution impregnation method in
this study. The advantage of this preparation method is
that the raw materials are inexpensive and fluorine-free.
It does not rely on expensive or fluorine-containing
chemicals to generate a superhydrophobic surface, and
the preparation process was simple which only uses
ethanol as a dispersant.

The optimal moisture resistance is observed when
the ratio of TiO, : CS : SAis 7 . 1 . 5, the hydrophobic
paper exhibited a contact angle of up to 151° and a roll
angle of 9°, indicative of its superhydrophobic properties.
Additionally, the coatings prepared by compounding
TiO, with different nanoparticle sizes exhibited superior
superhydrophobicity under the same conditions, indicating
that the compounding of nanoparticles can provide a
rough micro-nano structure, which is more conducive
to superhydrophobic properties.

The prepared superhydrophobic paper exhibited good
self-cleaning properties, organic solvent antifouling
properties, liquid repellency, and chemical stability.
Although the prepared coatings can be easily scratched
mechanically, owing to their simple preparation method,
superhydrophobic coatings are easy to repair via
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re-immersion and exhibit wide potential for practical
applications.
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