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Abstract

Cellulose fiber derived from agricultural and urban waste are eco-friendly and
low-cost sustainable materials. Notably, cellulose fibre powder is hydrophilic
originally, while in this document, we discovered a method to convert cellu-
lose fibers into hydrophobic material. Based on the Cassie-Baxter model, we
use extracted cellulose fibre powder or other waste material powder that con-
tains cellulose fibre, which features a lightweight, super hydrophobic coating.
It’s witnessed that the results of extracted cellulose fibre show the best hydro-
phobic performance. This document will now elaborate on the materials used
in the experiments, including their properties, structures, and sources, and
then delve into the detailed experimental procedures.
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1. Introduction

With the growing global emphasis on sustainable development, people start to pay
more attention to waste source recycling. The development of green and biode-
gradable functional materials has become the core research direction in the field
of polymer and materials science. As the most abundant natural biopolymers on
Earth, cellulose fibers can be extracted from wastes such as coffee grounds and
dead leaves [1] [2]. In daily life, people often wear cotton-linen garments (which

contain cellulose fiber), they are comfortable to wear, however, they dry more
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slowly than other clothes in open air conditions, as cellulose fibres are hydrophilic.

Against this background, we sought to explore strategies to render cotton linen
fabrics superhydrophobic.

First of all, we need to understand the basic theory; as a result, we search on the
Internet, then we realize the reason that cellulose fiber is hydrophilic is owing to
plentiful hydroxyl (OH) groups distributed on the cellulose fibers’ molecular chains,
which are capable of forming strong hydrogen bonds with water molecule [3].
Therefore, theoretically, the removal of the hydroxyl (OH) groups renders cellu-
lose fiber chemically more inclined towards hydrophobicity.

On the other hand, we found that the lotus-leaf effect can make material more
hydrophobic physically (the hydrophobic properties of lotus leaves have been no-
ticed in Chinese literature for centuries. In the poem Zhao Jun Yuan-Yong He
Shang Yu, the Chinese poet Yang Wanli described how raindrops behave on a
lotus leaf: “A1 @&t fmf kRN, # T BERIE K. BIE/KEE, 755, ” The poem
describes raindrops bouncing on the lotus leaf, separating and then coming to-
gether again like pearls before rolling away. This description reflects the ability of
the lotus leaf to keep water droplets from remaining on its surface. The phenom-
enon has inspired modern research on the lotus effect and development of super-
hydrophobic surfaces.). The lotus leaf’s hydrophobicity can be explained by the
Cassie-Baxter model (as Figure 1 showed); air is locked within the gaps of the
rough surface of the lotus surface (while the cellulose fiber’s surface is smooth

under a microscope) [4].

Gas
Liquid

Figure 1. Illustrates that water droplets contact only the elevated solid peaks—a phenom-
enon significantly influenced by surface tension—rather than penetrating all surface voids.

ﬁ‘ e e
Figure 2. Show the contact angle when it’s hydrophilic, hydrophobic and super hydropho-
bic.

Besides this, there is one more thing that needs to be clear (from Figure 2): the

criterion for distinguishing hydrophilic, hydrophobic, and super hydrophobic

DOI: 10.4236/msce.2026.1410003

71 Journal of Materials Science and Chemical Engineering


https://doi.org/10.4236/msce.2026.1410003

Z.Y.Guoetal.

surfaces lies in the water contact angle. If the water contact angle is less than 90
degrees, it’s hydrophilic; if it’s more than 90 degrees but less than 150 degrees, it’s
hydrophobig; if it’s larger than 150 degrees, it’s superhydrophobic [5].

To sum up, to achieve superhydrophobic cotton-linen fabrics, theoretically, a
method is required to disrupt the smooth microstructure of cellulose fibres, gen-
erate a rough surface and facilitate the removal of surface hydroxyl groups. In this
case, the hydrothermal-reaction system with HMTA and zinc nitrate as reactants
is the best solution. High temperature-induced dehydration consumes partial sur-
face hydroxyl groups and lowers the surface energy. Hydrothermal etching dis-
rupts the intrinsic microstructure of cellulose fibres for increased surface rough-
ness [6]. What’s more, the reaction produces zinc oxide, which grows in situ to
build the micro-nano rough surface on cellulose fibres to trap air pockets for the
Cassie-Baxter state and covers exposed hydroxyl groups on the fibre surface and
cuts down surface energy, helping the cotton-linen material gain super hydropho-

bic performance.

2. Experiment Section

2.1. Materials

Microcrystalline cellulose (MCC, 9004-34-6, CsH10Os)n powder with a high de-
gree of crystallinity (100% polysaccharide, found by french chemist Anselme
Payen in 1838). Hexamethylenetetramine (HMTA, 100-97-0, also known as Me-
thenamine or Urotropin, C¢H;Ny, first discovered and synthesized in 1859 by the
Russian chemist Aleksandr Butlerov). Zinc nitrate (Zn(INOs),, 10196-18-6).

All chemicals were directly used as received without further purification.

2.2. Experiments

2.2.1. Fabrication of Superhydrophobic Coatings from Cellulose and
Natural Waste Particles

Cellulose powder (provided by our professor) was used without any further treat-

ment. Several natural waste materials, including coffee grounds, Platanus bark,

sunflower stems, white-barked pine needles, ash twigs, and cedar needles, were

initially collected and tested. After that, we found that only the coffee grounds and

Platanus bark gave us good superhydrophobic results; therefore, we decided to

focus on these two for the rest of the study. The coffee grounds were collected

from a local coffee shop (Luckin Coffee) and used as received.

To prepare the natural particles, we first dried the coffee grounds and Platanus
bark in an electric thermostatic blast drying oven at 80°C for 4 hours to remove
moisture, which made the materials brittle and easy to grind. The dried samples
were first broken into small pieces manually and then ground in an agate mortar
for about 1 hour until fine powders were obtained. The ground powders were used
without sieving. Particle-size distribution analysis was also not performed; non-
uniform particle size may contribute to experimental variability.

The reaction solution was prepared as follows. First, 100 ml of commercial bot-
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tled water was measured with a graduated cylinder and transferred to a beaker.
Then, 0.74 g of zinc nitrate hexahydrate [Zn(NO;),-6H,0] was weighed on weigh-
ing paper using an electronic balance and added to the water, followed by 0.35 g
of hexamethylenetetramine (HMTA), which was weighed with a laboratory spoon
because of its hygroscopic property. The mixture was stirred with a glass rod until
the reagents were completely dissolved.

For the cellulose samples, 3.0 g of cellulose powder was placed in a beaker,
mixed with the reaction solution, and stirred with the glass stirrer for 10 min. The
suspension was then transferred into a Polytetrafluoroethylene (PTFE) liner. For
the coffee grounds and Platanus bark samples, we adopted a slightly different ap-
proach to avoid material loss during transfer: 3.0 g of powder was directly placed
into the liner, and the reaction solution was poured in afterward. The liner was
gently shaken to disperse the powder evenly.

The PTFE liner was then placed inside an aluminum-alloy autoclave body and
sealed. The autoclave was put into an electric thermostatic drying oven at 95°C
for 12 hours to carry out the hydrothermal reaction.

After the reaction, the autoclave was taken out and cooled under running tap
water until it could be safely opened. The PTFE liner was removed, and the prod-
uct was collected by centrifugation. The solid was washed with tap water three to
four times. It was then dried at 73°C overnight.

The dried powders were then subjected to vapor-phase fluorination. The pow-
ders were placed on the ceramic plate inside a vacuum desiccator, and a small
amount of fluorosilane was dropped into a glass vial at the bottom of the desicca-
tor using a dropper. The desiccator was sealed and evacuated for several minutes
to allow the fluorosilane vapor to diffuse. The system was kept at room tempera-

ture for 8 hours. Finally, the powders were removed.

2.2.2. Fabrication of Hydrophobic Polydimethylsiloxane (PDMS)
Surfaces from Natural Leaf and Artificial Mold Templates

Two types of templates were employed to fabricate micro-structured PDMS sur-
faces: natural Platanus leaves and a plastic artificial mold featuring surface micro-
protrusions.

First, freshly fallen Platanus leaves were collected, rinsed with tap water to re-
move surface contaminants, wiped dry, and then cut into desired shapes with scis-
SOrS.

For the leaf-templated samples, PDMS base and curing agent were mixed at a
weight ratio of 10:1. A beaker was placed on an electronic balance, and the balance
was tared. After that, 54.5 g of PDMS base was weighed into the beaker. The curing
agent was then drawn with a syringe, and 5.43 g was added to the same beaker.
The mixture was stirred manually with a glass rod for approximately 10 minutes
until homogeneous. To eliminate entrapped air bubbles, the beaker was main-
tained under vacuum for about 40 minutes. Then, the degassed PDMS mixture
was poured into a plastic Petri dish close to the bottom, and the pre-cut leaf pieces

were gently pressed onto the PDMS surface. The assembly was left at room tem-
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perature overnight to allow complete curing. After curing, the leaves were care-
fully peeled off from the PDMS surface. Among four leaf-templated PDMS prep-
arations, only one yielded an intact surface with minimal bubble defects and was
selected for subsequent experiments. Inconsistent sample quality may stem from
incomplete degassing during PDMS curing, uneven graphene deposition or tem-
plate-surface imperfections. No follow-up experiments were carried out to con-
firm the dominant cause.

For the artificial mold samples, the same PDMS mixture (10:1 weight ratio) was
prepared following the identical procedure. First, the plastic white mold with sur-
face microprotrusions was wrapped with transparent adhesive tape around its pe-
rimeter for two to three circles to prevent leakage. Then, the freshly mixed PDMS
mixture was poured into the mold to a thickness of 3 mm. The mold was placed
in the vacuum pump for about 40 minutes to remove bubbles; the sample was then
placed in the electric thermostatic drying oven for drying (the drying time and
temperature were adjusted based on the experimental conditions). After drying,
the PDMS film was carefully peeled off from the mold.

Both the leaf-templated and artificial-mold PDMS samples were then coated
with graphene. The graphene powder was applied manually onto the PDMS sur-
faces before the hydrothermal treatment.

Subsequently, each sample was placed into a PTFE liner, and the reaction solu-
tion—prepared by dissolving 0.74 g of zinc nitrate hexahydrate and 0.35 g of hex-
amethylenetetramine in 100 ml of commercial bottled water—was added. The
PTEFE liner was sealed inside an aluminum autoclave and placed in an electric
thermostatic drying oven at 95°C for 11 hours. After the hydrothermal reaction,
the autoclave was cooled under running tap water, and the PTFE liner was re-
moved. The PDMS samples were then taken out, rinsed with tap water four times.
Afterwards, the cleaned PDMS samples were subjected to vapour-phase fluorosilane

modification following the identical procedure described in Section 2.2.1.

2.3. Characterization

The surface morphology of the 4 samples, including powders and PDMS samples
was observed by an optical microscope (China). Digital images were captured by
a camera. The water contact angles (WCA) were measured using a protractor at
ambient temperature (22°C = 1°C). A 10 pL water droplet was dropped onto the
surfaces. For each sample, we measured water contact angles (WCA) at three po-
sitions (once per position), and the average value was reported. To reduce the
material waste and water evaporation, the measurement was processed and rec-
orded within 15 seconds after the droplets contacted the surfaces.

Due to equipment limitations, scanning electron microscopy (SEM), energy-
dispersive X-ray spectroscopy (EDS), X-ray diffraction (XRD), and Fourier-trans-
form infrared spectroscopy (FTIR) were not performed in the study. Therefore,
these mechanisms proposed in this study are based on interpretion of each sam-

ple’s wettability changes, but they haven’t been proved by experiments.
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3. Results

3.1. Biomass Route

Superhydrophobic surfaces require both low surface energy materials and micro-
nano-particle features [7]-[9]. To find the natural materials that can make super-
hydrophobic coatings, we evaluated these materials (mentioned in 2.2.1) and se-
lected three (platanus barks, coffee grounds, and cellulose powder) based on liter-
ature (Figure 3). Cellulose exhibited the highest WCA (153.4°), which may be
attributed to its hierarchical micro-nanostructure that provides sufficient space
for ZnO growth and air storage. The coffee grounds showed a lower WCA (130.1°)
possibly due to their dense particle structure which contains cellulose/hemicellu-
lose skeleton and a small amount of lignin that limits air storage [10]. The platanus
bark powder has moderate hydrophobic performances (WCA = 144°), which may
benefit from its porous structure (as observed in similar biomass). All the powders
underwent hydrothermal reactions (Figure 4) and fluorosilane modifications

(Figure 5).

0 8.0

Superhydrophobic
material
Cool (WCA=153.4°)
Wash
Dry (73°C, overnight)

Hydrothermal reaction
95°C, 11h

reaction solution preparation fluorosilane modification

100ml Water

0.74g Zinc Nitrate

0.35g HMTA

3g Natural waste powders
Stir until dissolved

Add fluorosilane
Seal and vacuum diffuse
Room temperature, 8h

Figure 3. Schematic illustration showing the fabrication process of hydrophobic/superhydrophobic ma-

terials using coffee grounds, platanus bark and cellulose as raw materials, including particle preparation,

hydrothermal reaction and fluorosilane modification.

HMTA and Zinc Nitrate
Hydrothermal Reaction Mechanism

Hydrothermal JO)
s ZnO
HMTA

N
() o2
[E + Zn(NO;), 0088

Figure 4. Schematic diagram of hydrothermal reaction mechanism between HMTA and
zinc nitrate for the formation of ZnO particles.
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Cellulose Superhydrophobic
surface

Natural waste Fluorination ‘
materials !

Figure 5. Diagram of fluorosilane modification mechanism aimed at forming a rough, low-
surface-energy surface and creating hydrophobic/superhydrophobic surface.

Without direct microscopic characterization (e.g. SEM), we cannot definitively
confirm the surface morphology and ZnO growth. The above explanations are
based on wettability observations and supported by existing literature.

Figure 6 shows the photos of three materials (cellulose powders, coffee grounds,
and platanus bark powders) before and after the hydrothermal and fluorosilane
modification. Each material, due to the reaction, changed color slightly. The color
of cellulose powders changed from light grey to pure white (Figure 6(a)), the col-
our of coffee grounds changed from dark brown to brown (Figure 6(b)), and some
white particles appeared on platanus bark powder compared to its original one
(Figure 6(c)). These color changes may indicate the surface modifications, alt-
hough we should use further analysis such as EDS or FTIR to prove these obser-

vations.

(@ G ©

Figure 6. Visual changes of cellulose powders, coffee grounds, and platanus bark powders

before and after chemical modifications.

Figure 5 shows the optical images of water droplets that contact three treated
materials: cellulose powders, coffee grounds, and platanus bark powders. The wa-
ter contact angles were measured at three positions (once per position). In Figure
7(a), the water contact angle reached 153.4° (+1.4°); In Figure 7(b), the water
contact angle reached 130.1° (£2.1°); In Figure 7(c), the contact angle reached
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144° (£1.8"). The droplets on the surface have regular spherical shapes and stand
still on the surfaces without spreading, which can indicate that the materials have

superhydrophobic/hydrophobic surfaces.

(a) (®) ©

Figure 7. Photographs of water droplets on each material (cellulose powders, coffee grounds,
and platanus bark powders), showing hydrophobic/superhydrophobic performances.

Among these materials, cellulose powder showed the highest water contact an-
gles WCA =153.4° (+ 1.4°), which exhibited a superhydrophobic effect (WCA >
150°).

The coffee grounds and platanus bark powders exhibited hydrophobic but not
superhydrophobic effects (WCA < 150°). The cellulose powder’s excellent perfor-
mance may be attributed to its hierarchical micro-nanostructure which may pro-
vide sufficient space for storing air.

3.2. Polydimethylsiloxane (PDMS) Surfaces from Natural Leaf and
Artificial Mold Templates

Figure 8 and Figure 9 illustrate the soft-lithography method and the replicated
structures. This method is divided into two separate routes: (i) natural leaves tem-
plate and (ii) artificial molds with micro-protrusions [11] [12]. We made four leaf-
templated PDMS preparations, but only one yielded an intact surface. Other leaf
samples contain numerous air bubbles which may be due to incomplete degassing
(Figure 9(a)). We made two PDMS samples from artificial molds (Figure 9(b)).
All the samples were successfully replicated without bubbles. Samples from both
routes underwent graphene coating (Figure 10), hydrothermal reactions and
fluorosilane modifications.

We tested one of the PDMS samples which were replicated from artificial
molds. Figure 11(a) shows the morphology of a PDMS sample which replicated
from templates. It exhibited micro-protrusions on the PDMS surface. The droplet
on the surface has a regular spherical shape and stands still on the surface without
spreading. The water contact angle reached approximately 130° (+ 2.2°). In Figure
11(b), when we slightly tilted the materials, the water droplets rolled down quickly
without obvious deformation. This characteristc suggests the successful micro-
structure replication that potentially aids the hydrophobic performance.

Based on the definition stated in the introduction, (90° - 150°: hydropho-
bic; >150°: superhydrophobic), the PDMS is classified as hydrophobic rather than
superhydrophobic. Although it underwent fluorosilane treatment, it did not reach
superhydrophobic threshold likely due to uneven coverage of graphene reducing

the exposure area for fluorosilane.
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Figure 8. Fabrication process of hydrophobic/superhydrophobic PDMS surfaces by using soft-lithographic
method (replicating microstructures from tree leaves and artificial molds).

Figure 11. Photographs of water droplets on treated PDMS showing contact angles and
hydrophobic/superhydrophobic performance testing.
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4. Conclusions

In this study, superhydrophobic particles were prepared from cellulose powder
and several natural waste materials through a hydrothermal process followed by
fluorination. The samples were observed using an optical microscope.

Among the tested materials, cellulose powder and Platanus bark showed the
best hydrophobic performance. The measured water contact angles were 153.4°
for cellulose powder and 144° for Platanus bark, while coffee grounds showed a
lower contact angle of 130.1°. Hydrophobic PDMS surfaces were fabricated by
replicating textures from natural Platanus leaves. After graphene-coating, hydro-
thermal treatment and fluorination, the PDMS surfaces became more hydropho-
bic. However, surface coverage was not uniform, leading to variable hydrophobic
performance across different regions. Only one out of four leaf-templated PDMS
samples yielded good-quality surfaces, whereas the other three contained substan-
tial bubble defects.

Based on measured wettability and published literature, it is hypothesised that
hydrothermal treatment and fluorination may introduce favourable surface rough-
ness and low-surface-energy species to enhance water repellency. Direct structural
and surface-chemical characterization (e.g. SEM, XPS or FTIR) was not per-
formed in this work, so these proposed mechanisms cannot be confirmed by our
experimental data. This study demonstrates that cellulose-containing waste ma-
terials are promising low-cost, environmentally friendly candidates for fabricating
superhydrophobic surfaces.

Several limitations should be acknowledged. Although contact-angle values
were averaged from multiple measurement positions, control experiments were
not conducted to separate the contribution of each processing step. The observa-
tion that coatings are mechanically fragile comes only from qualitative manual
handling, without quantitative durability tests. In future work, further experi-
ments are required to investigate coating stability and real-world practical perfor-

mance.
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