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Abstract
Superhydrophobic coatings have been widely developed to endue the materials with antibacterial, self-
cleaning, antiseptic, and some other multi-functionalities. Fluorochemicals are the most commonly used
superhydrophobic coatings, however, the released toxic substances from �uorinated polymers are a
signi�cant source of water pollution and even a threat to human health. With the increasingly great
attention to the environment, it is imperative to exploit green and effective hydrophobic coatings. Here, a
nano�brillated lignocellulose-based multifunctional superhydrophobic coating (NMSC) was fabricated by
using an e�cient silylation process from cellulose, tetraethyl orthosilicate, and cetyl trimethoxysilane.
Microscopic, chemical structural, and thermal properties analyses revealed that the NMSC has nano
roughness, low surface energy, and good thermal stability. More importantly, the NMSC displayed an
unprecedented hydrophobic and self-cleaning performance (water contact angle ~ 165°). The NMSC
superhydrophobic coating can realize long-term effective barriers to many �uids, including strong acid
(pH = 1), strong alkali (pH = 13), alcohols, alkanes, esters, and some other organic solvents. Moreover, the
NMSC also showed good antibacterial properties with E. coli and S. aureus. This work not only improved
the high-value application of lignocellulose but also provides a good pathway for the development of
ecological and sustainable multi-functional coatings.

1. Introduction
Superhydrophobic coatings have been widely developed to endue the materials with multi-functionality,
including antibacterial[1], self-cleaning[2], antiseptic[3], and oil-water separation capacities[4]. Inspired by
the natural interface structure of lotus leaves, the fabrication of micro/nano rough structures and
reduction of surface free energy are the two main design approaches of superhydrophobic coatings[5].
Many studies have constructed the micro/nano rough structures from different raw materials (metals[6],
alloys[7], ceramics[8]) by various fabrication methods[9], e.g. electrochemical etching[10], sol-gel
processing[11], template syntheses[12], chemical vapor deposition[13], electrochemical method[14], layer-
by-layer deposition[15]. However, most of these strategies are tedious, expensive, and resource intensive.
On the other hand, the low surface energy contributes to the wetting transformation from hydrophilicity to
superhydrophobicity[16]. Although, tri�uoromethyl groups exhibit the lowest possible surface energy, the
released toxic substance from �uorinated polymers are a signi�cant source of water pollution and even a
threat to human health. Therefore, it’s very necessary to develop a facile and green approach to fabricate
superhydrophobic coatings[17]-[18].

Lignocellulose is an economic and sustainable material, which is widely abundant in nature.
Lignocellulose-based materials and their derivatives are sustainable, degradable, and environmentally
friendly [19, 20]. Nano�brillated lignocellulose (NFC) can be separated from lignocellulose using
enzymatic pretreatment, oxidation pretreatment, or alkaline pretreatment followed by mechanical
treatment. Owing to its nanoscale structure, modi�ableness, biodegradability, and environmental
friendliness[21–23], NFC has been extensively used in many �elds such as antibacterial[24], anti-
corrosion[25], UV protection[26], packaging[27], and gas barrier[28]. The surface of NFC contains a large
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number of hydroxyl groups, which are easily modi�ed by substances with low surface energy[29]. NFC
has become one of the most promising green raw materials for the preparation of the fabrication of
superhydrophobic coatings.

Surface grafting by a small amount of organic matter with low surface energy is an e�cient and
convenient way to form a superhydrophobic surface. Moreover, the surface roughness of NFC can be
improved by organosilicon compounds, which have many good characteristics, including environmental
protection, non-toxic, antioxidation, high-temperature and corrosion resistance. Herein, �uorine-free and
environmentally benign NFC-based multifunctional superhydrophobic coatings (NMSC) were designed
and fabricated by a facile coupling reaction of environmentally friendly ethyl orthosilicate and cetyl
trimethoxysilane (Fig. 1a, b). Ethyl orthosilicate can be hydrolyzed into organosilicon by the breaking
reaction of oxo-silicon bond catalyzed by ammonia water (Fig. 1c), which will provide a surface
roughness for NFC. The hydrolyzation of hexadecyltrimethoxysilane into long-chain alkyl groups
decreased the surface energy of NFC. The physicochemical, water-resisting, anticorrosive, and
antibacterial properties of NMSC were systematically investigated.

2. Experimental Section

2.1 Materials
Bleached softwood kraft pulp (BSKP) was provided by Asia Paci�c Senbo Paper Co., LTD (Shandong,
China). Endoglucanase (Banzyme 2900) was obtained from UPM-kymmene Co., Ltd (Jiangsu, China).
Ethyl orthosilicate reagents (Si(OCH2CH3)4) and cetyltrimethoxysilane (CH3(CH2)15Si(OCH3)3) were
purchased from Aladdin (Shanghai, China). Absolute ethanol was obtained from Komeo Chemical
Reagents Co, Ltd. (Tianjin, China). Tetraethyl orthosilicate and ammonia were purchased from Macklin
(Shanghai, China). All of the chemicals are analytical grade and used as received.

2.2 Preparation of NFC
The BSKP was treated by a laboratory PFI mill (Hamjern Maskin; Hamar, Norway) according to TAPPIT
248 Laboratory beating of pulp (PFI mill method). Then, enzymatic pretreatment of BSKP was carried out
according to previous work with some modi�cations[30]. Brie�y, BSKP was suspended in enzyme-
containing citrate acid-sodium citrate buffer (pH = 5.0, 9 mg/ g substrate). The mixture of samples was
incubated at 50°C for 3 h. After enzymatic pretreatment, the slurry was centrifuged to separate the solid
and liquid phases. The solid phases were diluted to 1 wt% and mechanically treated by a
supermasscolloider (MKCA6-5J, Masuko Sangyo Co., Ltd., Japan). The obtained slurry at 0.5 wt% was
further treated with an M-110EH-30 micro�uidizer (Micro�uidics, Newton, MA, USA) [31]. NFC was
obtained after 25 passes through the micro�uidizer at the slit pressure of 5000 psi.

2.3 Preparation of NMSC
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NFC was washed with anhydrous ethanol to remove excess water. Tetraethyl orthosilicate (8 mL),
ammonia (5 mL), and cetyl trimethoxysilane (4 mL) were added to a three-necked �ask �lled with 125 mL
absolute ethanol under mechanical stirring at 250 rpm. Subsequently, the ethanol-washed NFC was
added to the three-necked �ask. The mixture was kept in Ultrasonic apparatus for 4 h and then washed
thoroughly with anhydrous ethanol. The NMSC suspensions were obtained and stored at 4 ℃ for the
following characterization.

2.4 Characterization
Scanning electron microscopy analysis (SEM). The surface microstructure and morphology of NFC and
NMSC coating were examined using �eld emission scanning electron microscopy (FE-SEM, Hitachi
Regulus 8220, Hitachi, Japan). All samples were oven-dried at room temperature and coated with a thin
layer of gold before testing.

Contact angle analysis. Contact angles of the samples were measured using an LSA100 contact angle
meter (LAUDA Scienti�c, Germany) at ambient temperature. For these measurements, 5 µL of water was
dropped on the substrate and allowed to stand for 5 s. All the samples were measured at least 3 times at
different positions.

X-ray photoelectron spectrometer (XPS) and Fourier transform Infrared (FTIR). XPS and FTIR were
conducted to determine the surface chemical structures of NFC and NMSC. The XPS data were
performed on an ESCALAB 250Xi XPS with a monochromatic Al Ka radiation. FTIR spectra were recorded
using a Bruker instrument at ambient conditions by grinding the sample with KBr to prepare the pellet for
analysis.

X-ray diffractometer (XRD). XRD detection was analyzed in the 2θ range from 5 to 40° on a Rigaku DMax-
RB 91–0459 diffractometer with Cu Ka radiation at a scan rate of 2°/min.

Thermogravimetric analysis (TGA). TGA measurements were acquired in a nitrogen atmosphere at a
heating rate of 10 ℃/ min by an STA446 F3 simultaneous thermal analyzer.

Corrosion resistant test. The cyclic method investigated the chemical stability of HBP under acid (pH = 1),
alkali (pH = 13), and organic solvents (ethanol, chloroform, ethyl acetate). The corrosion resistance of
NMSC was analyzed by combining the water-resisting properties of the coating samples in different
environments for 100 min.

Bacteriostatic test. 0.1 mL bacteria suspension (10− 4 CFU/mL) was inoculated onto a solid agar medium
and dispersed with a coating rod. The agar plate with holes was opened by a perforator. The coating
samples were placed in the hole of the agar solid medium and incubated under sterile conditions at 37 ℃
for 24 h.

3. Results And Discussion
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3.1 Characterization of the coatings
Obtaining a superhydrophobic surface requires a speci�c rough structure and low surface energy. SEM
image of NMSC shows many nanopapillae structures, which con�rmed the successful coating of nano-
silica on the surface of NFC (Fig. 1c). Compared to NFC, the water contact angle of NMSC increased from
42° to 169°.

The chemical structures of NMSC were investigated by FT-IR and XPS spectroscopy to verify the grafting
reaction of organic silica with low surface energy long-chain alkyl groups. Figure 2a shows that the peak
intensity at 3424.60 cm− 1 corresponding to -OH stretching vibrations of NMSC decreased, which
indicated the formation of Si-O-C. A noticeable enhancement of the absorption peaks at 2926.93 and
2857.64 cm− 1 of NMSC is attributed to the symmetric and asymmetric stretching vibrations of long-chain
alkyl groups (C-H) in silane coupling agents. Due to the bay oscillation of the C-H bond, a new absorption
peak occurred at 1464.58 cm− 1[32]. Moreover, NMSC had a broad peak from 1000 to 1250 cm− 1, which
could be due to the formation of siloxane bonds from the silane coupling agent and the surface hydroxyl
groups of NFC, resulting in the overlap of the siloxane bond and the carbon-oxygen bond. The peaks
observed in NMSC at 797.53 and 467.10 cm− 1 were attributed to the Si-O bonds and the rocking vibration
of the -CH3 group, respectively[33].

The surface composition of NFC and NMSC was assessed by XPS. Compared with NFC, new peaks at
104 and 155 eV were observed in the XPS spectrum of NMSC, representing Si 2p and Si 2s, respectively
(Fig. 2b). The high-resolution XPS spectra of carbon and silica on the NFC were showed in Fig. 2c. The C
1s envelope of the NFC is comprised of three components and is consistent with previous measurements
of nanocellulose[34]. The envelope consisted of a dominant peak at 286.6 eV was attributed to the
presence of C − O bonding. O-C = O binding energy peak at 287.9 eV corresponded to the acetal bond of
NFC, and a peak at 284.8 eV, likely due to adventitious carbon. The intensity of the photoelectron
transition increased at 284.8 eV (C-C or C-Si bonding) in NMSC was attributed to the introduction of Si − C
carbon atoms (Fig. 2d). In contrast, the C − O and O − C−O peaks decreased in intensity as
silanization[35]. Figure 2e con�rmed the successful silylation of NFC.

XRD spectra of the NFC and NMSC samples demonstrate that the diffraction angles of the 002 and 101
lattice planes were changed obviously after grafting modi�cation (Fig. 2f). The crystallization diffraction
angle (2θ) appears new peak at around 23° owing to the silica-covering on the surface of NFC. These
results also indicated the successful silylation of NFC.

Figure 3 shows the simultaneous thermal analysis of NFC and NMSC under the N2 atmosphere. In the
beginning, the weight loss was mainly caused by water evaporation. Due to the process of dehydration,
the weight loss of NMSC was more than that of NFC. The hydroxyl groups were replaced by hydrophobic
groups on the surface of NFC, and the surface water content was correspondingly reduced[36].
Furthermore, the thermal decomposition of NFC and NMSC happened from 100 to 400°C and 600°C,
respectively. NFC had a signi�cant decrease in maximum weight loss peak at 339.2°C with gradual heat
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release and a residual mass (19.60%) after being heated to 800°C. Compared with NFC, NMSC had a
higher maximum decomposition temperature (495.5°C) and residual mass ratio (51.57%), suggesting
that the silylation of NFC signi�cantly reinforced the thermostability of NMSC.

3.2 Self-cleaning property of NMSC
The NMSC showed high water repellency due to the synergistic effects of the nanoscale roughness and
the low surface energy. Water droplets can exist stably on the surface of the glass with NMSC coating
(Fig. 4a). Air pockets can also be clearly observed through the water beads. A water jet can be completely
bounced off (Fig. 4b). When immersing the NMSC-coated glass in water, a mirror-like solid air layer
formed on the interface. The above results demonstrated the good anti-fouling property of NMSC coating.
The wettability of NMSC coating was monitored for 30 days (Fig. 4b). The average value of contact
angles was 165° (± 4°), which demonstrates its good stability of water resistance. The self-cleaning
property of coating had been active in the �eld of people[37]. As shown in Fig. 5a, NMSC coating can
effectively prevent MnO2 sewage. Moreover, the heavily scratched NMSC coating still exhibited
superhydrophobic and self-cleaning properties (Fig. 5b).

3.3 The corrosion resistance of NMSC
The �uidity of water droplets on the surface of NMSC coating can reveal its corrosion resistance. As
shown in Fig. 6, after immersing in HCl (pH 1) and NaOH (pH 13) solution for 100 min and multiple
treatments, the NMSC coating kept good water-resistance performance. The static CA of NMSC coating
after cycle treatments is shown in Fig. 6c. The static contact angles of NMSC were above 155°
throughout the whole process of acid/alkali treatments, which revealed its excellent acid and alkali
resistance. These phenomena could be bene�ted from the rough micro-/nano-structure and low surface
energy that trap air and form an air cushion to reduce contact with acids and bases effectively.

The corrosion of coatings from organic solvents can not be ignored. Superhydrophobic surfaces are
easily damaged by wetting with low surface tension solutions[38]. Here, ethanol, chloroform, and ethyl
acetate were further used to evaluate the organic solvent corrosion resistance. The NMSC coating
samples were immersed in different organic solvents for 100 min, and then tested by evaluated by
contact angle tests. The little change in the contact angle values before and after treatments suggested
that NMSC coating also has strong corrosion resistance against organic solvents. It should be noted that
the superhydrophobic property of NMSC was brie�y lost after being soaked in different organic solvents.
Nevertheless, the superhydrophobic property of NMSC was not damaged and was recovered after organic
solvent evaporation (Fig. 7b-d). It might be due to the hydrogen bonding force between a few unreacted
hydroxyl groups, which promotes the speci�c self-healing property of NMSC in organic solvents.

3.4 Antibacterial properties of NMSC
Bacteria resistance could also be important to coatings. The inhibitory zone method was measured to
evaluate the antibacterial properties of NMSC against gram-positive (S. aureus) and gram-negative (E.
coli) bacteria (Fig. 8). The better antibacterial performance of NMSC might be attributed to its
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hydrophobic surface which readily penetrated the phospholipid bilayer of bacteria and disrupted the
bacterial cell membrane, resulting a severe loss of cell structure integrity and leakage of cytoplasmic
content and the lysis of the bacterial cell[39]. In addition, E. coli was more sensitive to NMSC than S.
aureus at the same liquid ratios, which could be due to the hydrophilic and hydrophobic outer membrane
of gram-negative and gram-positive bacteria, respectively[40].

4. Conclusion
In summary, a simple, green, and effective nanocellulose-based multifunctional superhydrophobic
coatings (NMSC) was designed and synthesized by using a silylation technology. The NMSC coating has
good superhydrophobic, self-cleaning properties, corrosion resistance, and antibacterial properties. The
NMSC superhydrophobic coating can realize long-term effective barriers to acid, alkali, alcohols, and
organic solvents. Moreover, the NMSC also showed good antibacterial properties with E. coli and S.
aureus. Due to its eco-friendly, superhydrophobic, and antibacterial properties, the NMSC has extensive
application prospects in many �elds, such as food packaging, oil-water separation, and medicine.
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Figure 1

(a) Hydrolysis reaction mechanism of ethyl orthosilicate on the surface of NFC. (b) Hydrolysis
mechanism of cetyl trimethoxysilane on the surface of NFC. (c) SEM and water CA image of NMCS and
NFC, and Schematic diagram of NMCS formation.
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Figure 2

(a) FT-IR spectra of the NFC and the NMSC. (b) XPS spectrum of NFC and NMSC. (c and d) C 1s of NFC
and NMSC. (e) Si 2p of NMSC. (f) XRD patterns of NFC and NMSC.

Figure 3

Thermogravimetric and derivative curves of NFC (a) and NMSC (b).
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Figure 4

(a-c) Superhydrophobic effect of NMSC. (d) The monitoring of contact angles of the coatings in water.
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Figure 5

(a) Anti-polluting of NMSC coating after immersing in MnO2 dyed water. (b) Self-cleaning property of
heavily scratched NMSC coating.
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Figure 6

Water-resistance of NMSC coating after immersing in HCl (pH 1, a) and NaOH (pH 13, b) solution for 100
min. (c) Water-resistance of NMSC coating after multiple treatments by acid (Set 1) and alkali (Set 2).
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Figure 7

(a) The CA of NMSC in different organic solvents immersion tested several times in succession (inset
photograph, i.e., the 9th test, immersion for 90 min). (b-d) Self-recovery of NMSC under different organic
solvents.
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Figure 8

Antibacterial properties, (a) E. coli and (b) S. aureus.
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