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In view of health and environmental concerns, together with the upcoming restrictive regulations on per- and
polyfluoroalkyl substances (PFAS), less impactful materials must be explored for the hydrophobization of sur-
faces. Polysaccharides, and especially chitosan, are being explored for their desirable properties of film formation
and ease of modification. We present a PFAS-free chitosan superhydrophobic coating for textiles deposited
through a solvent-free method. By contact angle analysis and drop impact, we observe that the coating imparts
hydrophobicity to the fabrics, reaching superhydrophobicty (64 = 151°, Og = 136°) with increased amount of
coating (from 1.6 g/cm?). This effect is obtained by the combination of chemical water repellency of the modified
chitosan and the nano- and micro-roughness, assessed by SEM analysis. We perform a comprehensive study on
the durability of the coatings, showing good results especially for acidic soaking where the hydrophobicity is
maintained until the 8th cycle of washing. We assess the degradation of the coating by a TGA-IR investigation to
define the compounds released with thermal degradation, and we confirm the coating’s biodegradability by
biochemical oxygen consumption. Finally, we demonstrate its biocompatibility on keratinocytes (HaCaT cell
line) and fibroblasts (HFF-1 cell line), confirming that the coating is safe for human skin cells.

>10,000 molecules. The definition extends to any substance that con-
tains at least one full fluorinated methyl (CFs-) or methylene (-CFj-)

1. Introduction

The European Safety Gate, representing the EU rapid alert system for
dangerous non-food products, shows that in 2022 35 % of products
recalled from the market were banned for chemical risk (European
Commission. Directorate-General for Justice and Consumers., 2023).
This data highlights that the increased attention to health and envi-
ronmental protection determined the implementation of more restric-
tive regulations on chemicals and goods. Thus, non-toxic and
biodegradable materials extracted from natural and biotechnological
sources, such as chitosan (Igbal et al., 2023; Petroni et al., 2023; Sree-
kumar et al., 2022), are becoming increasingly interesting both for sci-
ence and for industry (Diaz & Crick, 2023). Over the last twenty years,
the EU has been applying increasingly restricting regulations on per- and
polyfluoroalkyl substances (PFAS) that raise concern for their impact on
human health (Cathey et al., 2023) and environmental safety. As defined
by the Organization for Economic Co-operation and Development
(OECD), PFAS are a group of manufactured chemicals which comprises
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carbon atom without any H/Cl/Br/I attached. Therefore, the definition
for PFAS covers different substances from fluorinated gasses, to poly-
meric to non-polymeric chemicals.

PFAS are widely used in various sectors such as in food packaging,
cosmetics, firefighting foams, electrical products, and especially in
clothing and textiles. The actual EU regulation in effect over PFAS has
already restricted the use of trimethylsilyl fluorosulfonyldifluoroacetate
(TFDA), perfluoroalkyl carboxylic acids (PFCA) and PFCS-related sub-
stances under REACH Regulation (EC No. 2021/1297 — Amending
Annex XVII to (EC) No.1907,/2006) and perfluorooctanoic acid (PFOA),
PFOA-related substances and perfluorooctanesulfonic acid (PFOS) under
Persistent Organic Pollutants (POP) Regulation (EC No. 2019/1021).
For example, the restriction on PFOS defined a limit of 10 mg/kg by
weight in substances or mixtures, 0.1 % in articles and 1 pg/cm? in
textiles and other coated materials. PFOA and its salts are restricted to
0.025 mg/kg by weight in substances, mixtures or articles, PFOA-related

E-mail addresses: irene.tagliaro@unimib.it (I. Tagliaro), carlo.antonini@unimib.it (C. Antonini).

https://doi.org/10.1016/j.carbpol.2024.121981

Received 28 November 2023; Received in revised form 31 January 2024; Accepted 22 February 2024

Available online 24 February 2024

0144-8617/© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:irene.tagliaro@unimib.it
mailto:carlo.antonini@unimib.it
www.sciencedirect.com/science/journal/01448617
https://www.elsevier.com/locate/carbpol
https://doi.org/10.1016/j.carbpol.2024.121981
https://doi.org/10.1016/j.carbpol.2024.121981
https://doi.org/10.1016/j.carbpol.2024.121981
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbpol.2024.121981&domain=pdf
http://creativecommons.org/licenses/by/4.0/

L Tagliaro et al.

compounds to 1 mg/kg, while the restrictions on C9 — C14 PFCAs are
comparable to that for PFOA.

In February 2023, a new REACH restriction proposal for PFAS was
submitted to the European Chemicals Agency (ECHA). This revolu-
tionary proposal will not be focused on one chemical only, as imple-
mented until now, but will concern all PFAS categories. The restriction
proposal dossier (Annex XV of REACH-Table 2) defined that, among
others, the main application areas include the TULAC (textiles, uphol-
stery, leather, apparel and carpets) areas. The proposal imposes a limit
of 25 ppb for any PFAS, 250 ppb for the sum of PFAS, and 50 ppm for
polymeric PFAS calculated as total fluorine. The expected time for this
regulation to be finalized, after the consultation and evaluation from
ECHA, is 2025/2026, with an 18-month window for entry into force
after final approval.

Such incoming regulation imposes, especially to the TULAC in-
dustries, to find safer and efficient solutions for finding substitutes for
PFAS, since PFAS are still the main source of water-repellant chemicals.
Silicon-based coatings, mainly comprising silanes and siloxanes, are
considered safer alternatives for fabrics (Cai et al., 2018; Chen et al.,
2016; Hou et al., 2018; Lahiri et al., 2019; Qi et al., 2022; Zhao et al.,
2019; Zhu et al., 2011), but they do not biodegrade and therefore lower
the comprehensive environmental sustainability of natural and syn-
thetic fabrics(Mazzon et al., 2021), introducing water wastes depuration
problems. Other effective alternatives based on biological raw materials
are waxes, which assure non-toxicity and have no environmental
concern. Recent studies developed a layer-by-layer deposition method
comprising poly-1-lysine and wax deposited for hydrophilizing cotton
fabrics (Forsman et al., 2017). A temperature treatment up to 105 °C
proved to increase hydrophobicity thanks to the formation of micro-
scopic roughness (Forsman et al., 2020). Besides their proved hydro-
phobizing effect, they suffer from poor durability and low thermal
instability (Fleetwood et al., 2023). Therefore, waxes are usually
formulated together with polyurethane, but still have the disadvantage
of phase separation and inhomogeneity effects due to the formation of
whitish areas when crumpled (Sachan & Purwar, 2022; Saji, 2020).
Acrylic resins are also possible alternatives (Wu et al., 2022), but they
are known to induce a stiffening in the fabric.

In an effort to mitigate the risks without eliminating PFAS, studies
have shown that perfluoropolyethers (PFPE), characterized by repeating
units consisting of one to three perfluorinated carbon atoms separated
by oxygen atoms in their backbone, could be applied as an alternative to
long-chain PFAS (Mohseni et al., 2023).

Other innovative approaches, which still lack industrial validation in
the textile field, exploit the hydrophobizing effect of fatty acid aliphatic
chains through a complex fabric treatment involving enzyme etching
technology with cellulase on cotton fibers, followed by coating with
epoxidized soybean oil and further modified with stearic acid (Cheng
etal., 2019). In this case, the presence of fatty acids on the surface of the
fabric determined the obtainment of water contact angles >150°. The
wettability and durability were assessed by static water contact angle,
but this method is not as informative as quasi-static measurements,
especially when the roll-off performances are crucial and are mainly
appreciable by assessing the receding contact angle. Outside the textile
application, the hydrophilizing effect of fatty acids has already been
exploited for producing antibacterial films (Niemczyk et al., 2019; Vo &
Lee, 2017).

In this framework, polysaccharides and especially chitosan-based
materials are attracting attention for their low cost and large availabil-
ity, non-toxicity, and biodegradability (Ladie et al., 2021). Chitosan-
modified products are being widely investigated because of the possi-
bility of tuning their functionality through various chemical reactions
(Porpiglia et al., 2024; Sahariah & Masson, 2017) and exploiting their
ability to create film (Tagliaro, Musile, et al., 2023), but still have
limited application as fabric additives (Raeisi et al., 2021) and are
usually proposed as composite materials (Jing et al., 2021; Suryaprabha
et al., 2023; Zhang, Liao, et al., 2023; Zhang, Pei, et al., 2023).
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In our previous study, we demonstrated the possibility of modifying
the chitosan functionality with stearic chains obtaining a PFAS-free
superhydrophobic coating on glass substrates thanks to the combina-
tions of low surface energy chemicals with a double-scale morphology
(Tagliaro, Seccia, et al., 2023).

Hence, here we investigate the application of the superhydrophobic
chitosan-based coating on hydrophobic and hydrophilic fabrics i.g.
polyester and cellulose acetate, through a thermal treatment which
combines the coating adhesion to the obtainment of surface roughness.
This coating is tested in its durability properties showing resistance after
washing cycles in acidic pH, and moderate durability for UV-
degradation and tear tests. The degradation of the superhydrophobic
coating is studied to determine its biodegradability and the specimens
formed during degradation, and the coating’s biocompatibility is
investigated on keratinocytes (HaCaT cell line) and fibroblasts (HFF-1
cell line) The ambition of this study is to pave the way for studying
alternative PFAS-free superhydrophobic fabric coatings with limited
impact on health and on the environment in view of the upcoming
restricting regulations related to fluorinated chemicals.

2. Materials and methods
2.1. Materials

Chitosan powder (DD 80 %, MW 230 kDa, viscosity 330 mPa, CAS
9012-76-4), Stearoyl Chloride (97 %, CAS 112-76-5), Stearic acid
(Grade I, >98.5 %, CAS 57-11-4), Pyridine (>99 %, CAS 110-86-1) in
analytical grade are purchased from Sigma-Aldrich (Merck-KGaA) and
used as received. Dichloromethane (DCM) stabilized with amylene
(>99 %, CAS 75-09-2) is purchased from Thermo Scientific. Ethanol
absolute (EtOH) (99 %, CAS 64-17-5) is purchased from VWR Chemicals
BDH.

2.2. Superhydrophobic chitosan coating preparation and deposition

Briefly, the modification of 1 g of chitosan is done by esterification
and amidation reaction with 13,2 mL of stearoyl chloride in 60 mL of
pyridine at 115 °C for 5 h under reflux (Tagliaro, Seccia, et al., 2023).
The production is purified by 3 repetitive cycles of dissolution and
recrystallization in 100 mL of DCM and 100 mL of EtOH. The product is
freeze-dried and sieved over a 100 pm mesh and deposited over cellulose
acetate and polyester of 2.5 x 2.5 cm. The fabrics coated with the
modified chitosan are treated in the oven at 150 °C to anchor the coating
to the fabrics, following a solvent-free coating procedure.

2.3. Methods

The contact angle analysis and the drop impact test are performed
using an in-house contact angle setup, consisting of a high-speed camera
(Photron Fastcam Nova S6) equipped with a Tokina AT-X PRO D (100
mm F2.8 MACRO) optical lens and a Pump 11 Pico Plus Elite from
Harvard Apparatus infusing water through a 30-gauge needle. Posi-
tioning the needle close to the surface of interest, water is infused and
withdrawn as follows: infusion of 3 pL at a 10 pL/min rate, pause of 3 s,
2nd infusion of 5 pL at a 15 pL/min rate, followed by withdrawal of 10
pL at a 30 pL/min rate. Advancing, 64, and receding 6g, contact angle
values are evaluated with DropSnake, a plug-in for ImageJ (Stalder
et al., 2006). In this study, surfaces with receding contact angle higher
than 135° are defined as superhydrophobic, based on previous experi-
mental (Antonini et al., 2013; Rioboo et al., 2012) and theoretical
studies (Li & Amirfazli, 2005).

A dynamic wettability investigation is conducted using drop impact
experiments. Accordingly, a liquid droplet is released from a needle
installed vertically at various distances from the surface (h) and impacts
the samples beneath the needle, resulting in different impact velocities
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(U = /2gh). The liquid evolution after impacting the surface is
controlled by the drop kinetic (xpU2) and the surface capillary («26/Dg)
energies, where p, o, and Dy are the liquid density, the samples’ surface
tension, and the drop initial diameter, respectively. The ratio of these
energies defines the dimensionless Weber number (We = pDoU?/s) and
is used to classify the impact experiment results. In the present study, 5
and 13 pL droplets with initial diameters of Dy ~ 2 and 3 mm, respec-
tively, freely impact on the samples from h = [0.5, 5] cm distances, i.e.
impact velocities U = [0.3, 1] m/s, corresponding to We = [3, 28] in the
impact of Dy ~ 2 mm droplets and We = [4, 40] in the impact of Dy ~
3 mm droplets. The impact videos are recorded using a high-speed
camera (Photron Fastcam SA4) with 20 pm px_1 spatial resolution, 4
kfps frame rate and at the presence of backlight illumination. All the
drop impact experiments are repeated three times to check
reproducibility.

Textile surfaces are analyzed by means of Scanning Electron Micro-
scopy (SEM) with a Zeiss Gemini 500 Field-Emission SEM (Carl Zeiss
Microscopy, Oberkochen, Germany) at 5 kV. The surfaces have been
sputtered with 10 nm gold particles to enhance conductivity.

The coating durability in an acidic environment is tested by sub-
merging the samples for 2 h in a solution of pH 4, rinsing until neutrality
with distilled water, and drying for 2 h at 45 °C in the oven. A total of 10
cycles have been performed and contact angle values are measured after
each cycle. Adhesion tape test is performed by ISO standard adhesive
tape test (EN ISO 2409) using a Scotch Filament tape 8981. The test
consists of applying the tape to the sample and gently pressing to obtain
a uniform adhesion, before peeling it off. The contact angle is assessed
after each cycle, for a total of 5 cycles. Lastly, aging by ultraviolet ra-
diation is performed by RDLAB137 using a QUV Accelerated Weathering
Tester QUV/Spray model and applying the irradiation and condensation
cycles described in DIN-EN-ISO 4892-3 “Methods for exposing speci-
mens to fluorescent UV radiation, heat and water in apparatus designed
to simulate the weathering effects that occur when materials are exposed
in actual end-use environments to global solar radiation, or to solar
radiation through window glass”. More specifically, the samples are
exposed to ultraviolet light (340 nm; 0.76 W'm 2nm 1) for 380 h. Each
cycle was composed of 10 h with the light on and 2 h with the light off.
Applying this condition, during the time the ultraviolet light is off, the
temperature of the chamber drops from 60 °C to 50 °C. The relative
humidity of the aging chamber is 100 %.

Thermo-gravimetric analysis (TGA) connected with a Fourier-
transform infrared spectroscopy (FTIR) system is used to determine
the nature of the evolved species during thermal analysis. Samples in
powdery form (ca. 20 mg) are placed into an open alumina sample
holder, let the weight stabilize for 15 min at 30 °C and heated from 30 °C
to 1000 °C (heating rate: 10 °C min~!) under dynamic nitrogen atmo-
sphere (flow rate: 100 cm® min™1) by using a Mettler Toledo TGA/DSC1
STARe system. The exhausted gas is piped via a heated transfer line and
is continuously analyzed by an FTIR spectrometer during the measure-
ment. FTIR spectra are registered with a Thermo-Fisher Nicolet™ iS20
FTIR spectrometer in the region between 4000 and 600 cm™! (16 scans,
4 em ™! resolution spectra), collecting about 4 spectra per minute, and
are analyzed with the OMNIC software (Thermo Fisher Scientific). The
IR profiles of reference evolved species are obtained from the National
Institute of Standards and Technology (NIST) Chemistry webbook
(https://webbook.nist.gov/chemistry/).

Biochemical Oxygen Demand is used to investigate the biodegrad-
ability of the samples in the marine environment, which can be easily
determined by monitoring the oxygen consumption in a closed respi-
rometer. In detail, about 100 mg of powder material is added to 432 mL
of seawater as single carbon source. Seawater is chosen to mimic actual
environmental conditions. It already contained microbial consortia and
the saline nutrients needed for their growth. The experiment is carried
out at room temperature inside dark glass bottles with a volume of 510
mL, hermetically closed with the OxiTop® measuring head. Sodium
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hydroxide is added as a CO, scavenger to sequestrate carbon dioxide
produced during biodegradation. Biotic consumption of the oxygen
present in the free volume of the system is measured as a function of the
decrease in pressure. Samples are tested in triplicate. Raw oxygen con-
sumption data (mg Oy/L) are corrected by subtracting the mean values
of the blanks obtained by measuring the seawater’s oxygen consumption
without any test material. After this subtraction, values are normalized
on the mass of the individual samples and referred to 100 mg of material
(mg 0O2/100 mg material). Finally, the means of the triplicates are
calculated and plotted vs. time.

Cytotoxicity assessments are conducted on HaCaT and HFF-1 cells.
Specifically, biocompatibility on HaCaT (keratinocytes) is investigated
using CellTiter-Glo Luminescent viability assay (Promega Italia S.r.l.,
Milan, Italy). In 96-well plates, HaCaT cells are placed at a density of 3.5
x 10° in a final medium well volume of 100 pL and incubated until the
proper confluence is reached. After 24 h of treatment, cells are quickly
rinsed with pre-warmed PBS with Ca?*/Mg?*, and the extraction me-
dium is substituted with the extraction one containing the SCC at
different concentrations (0.1, 0.5, 1.0, 2.5, 5.0, and 10.0 mg/mL), while
the control samples are treated with medium processed as the extrac-
tions. Afterward, cells are incubated for an additional 24 h and 48 h.
According to ISO10993-5 guidelines, as the cell viability of the sample
extracts is higher than 70 % of the control group, all SCC concentrations
are considered biocompatible. Cell viability is determined by measuring
ATP levels by CellTiter-Glo assay, as indicated by the supplier as per-
centage survival relative to control cells. Data are represented as mean
+ standard deviation of three independent experiments. The impact of
SCC on cell morphology has been also monitored using a LEICA
DMI6000B inverted microscope. Likewise, HFF-1 cells are cultured in
the same condition and placed at the density of 3.5 x 10° in a final
medium well volume of 100 pL. SCC is tested at the concentrations of
0.1, 0.5, 1.0, 2.5, 5.0, and 10.0 mg/mL.

3. Results and discussion

Two different fabrics with different wettability properties, i.e. cel-
lulose acetate and polyester, have been coated with the super-
hydrophobic chitosan coating. By the naked eye (Fig. 1a and b), the
coating deposition on both fabrics looks uniform and results in an
extremely repellent surface to various liquids. Water, coffee, orange
juice and a methylene blue solution do not wet the coated surface and
show high mobility on the surface (Fig. 1a and b).

Different amounts of coatings from 0.8 to 3.2 mg/cm? have been
deposited over the two fabrics for comparing the wetting properties
(Fig. 1c and d). Bare cellulose acetate is a highly hydrophilic material
and, therefore, it adsorbs water when in contact with a drop. The
deposition of 0.8 mg/cm? alters its wettability conferring hydrophobic
properties with 65 = 150° for and 6g = 125°. Increasing the amount of
the coating to 1.6 and 3.2 mg/cm? results in an increase of 6y to 136°
and 133°, close to the limit of 135° used to define the surfaces as
superhydrophobic. For the samples 1.6 and 3.2 mg/cm? the reduction
of hysteresis and of the standard deviation are macroscopic manifesta-
tions of coating homogeneity. Polyester is inherently hydrophobic, but
not superhydrophobic, with of 64 = 149° and 6g = 91°. The deposition of
the coating determines an increase of both 64 and 6g to 155° and 139°,
respectively, for 0.8 mg/cm? resulting in superhydrophobicity. A higher
amount of coating does influence the 0, significantly (153° for 1.6 mg/
cm? and 159° for 3.2 mg/cm?), and leads to a slight increase of 6 for 3.2
mg/cm? to 143°.

As such, for both cellulose acetate and polyester, super-
hydrophobicity is obtained for the deposition of 1.6 mg/crn,2 which from
now on we will define as superhydrophobic chitosan coating (SCC).

The hydrophobizing effect of the SCC has been also tested on cotton
(Fig. S1), proving the coating efficiency also on very hydrophilic
substrates.

The coated and uncoated fabrics with 1.6 rng/cm2 (SCC) have been
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Fig. 1. Pictures of a drop deposited on fabrics of (from left to right) water, coffee, orange juice and a solution of methylene blue (a) on coated cellulose acetate; (b) on
coated polyester; quasi-static contact angle analysis on increasing SC on c) cellulose acetate (dark green 6,, light green 6g), d) polyester (blue 84, light blu 8, for
coated fabrics; dark gray 04, light gray 6g, for uncoated fabrics).
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Fig. 2. SEM analysis of coated and non-coated fabrics at three different magnifications: a) uncoated cellulose acetate 100x, a’) uncoated cellulose acetate 350x%, b)
coated cellulose acetate 100, b’) coated cellulose acetate 350x, b”) coated cellulose acetate 2500, ¢) uncoated polyester 100x, ¢’) uncoated polyester 350, d)
coated polyester 100x, d’) coated polyester 350x., d”) coated polyester 2500x.
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analyzed by SEM to assess the morphology of the coating. Fig. 2a, a’ and
¢, ¢’ shows the uncoated cellulose acetate and polyester, while Fig. 2b,
b’, b” and d, d’, d” the coated fabrics. The coating consists of discrete
spots (Fig. 2b and d) that are anchored over the fibers. The spots are ca.
100 pm, which are compatible with the size of the mesh used for
deposition (Fig. 2b’ and d’) and have merged borders. At higher
magnification (Fig. 2b” and d”) it is possible to appreciate nanometric
features which are typical structures of freeze-dried chitosan. The fibers
are not entirely coated, but rather covered with discrete separate islands
of coating: this observation is similar to other studies using per-
fluorinated substances (Mohseni et al., 2023)and consistent with the
results from contact angle analysis (Fig. 1c and d): with lower chitosan
amount, the exposed area of uncoated fabrics is higher and results in
higher pinning of drops, with higher standard deviation in both cases of
cellulose acetate and polyester. Moreover, high values of 05 are probably
due to the double-size roughness of the coating, which shows micro-
metric and nanometric roughness, achieving superhydrophobicity. An
additional benefit of this deposition method is that the spot-like coating
does not result in clogging the fibers’ pores, thus maintaining the orig-
inal breathability of the fabrics.

Referring to Fig. 3a, the impact of the water drop on the surface leads
to a complete rebound outcome across all the samples at lower Weber
numbers, in alignment with our expectations due to the high receding
contact angle (>130°) and minimal wetting hysteresis (< 20°) observed
in all the samples, see Fig. 1c and d. Briefly, when a droplet impacts on a
superhydrophobic surface, a sudden surge in pressure at the point of
impact causes the liquid droplet to deform and swiftly expand outward,
assuming a thin disk-like shape. Subsequently, surface tension forces act
in opposition to the outward spreading of the liquid drop, particularly at
its outer edges, forming what is known as a ‘rim’. As the central region of
the liquid disk continues to supply liquid to the rim, the accumulated
energy and mass within the rim generate an inward pressure once the
droplet attains its maximum spread on the surface. The internal pressure
drives the rim toward the center of the liquid disk, initiating the recoil
phase, during which the solid-liquid contact area rapidly contracts.
Subsequently, a vertical jet of liquid emerges from the surface, and this
phenomenon can evolve into a complete detachment of the droplet from
the superhydrophobic surface, known as a “full rebound” (Mao et al.,
1997). Based on the outlined phenomena and Fig. 3a, as Weber number,
and thus the drop velocity, increases, a transition is evident in the recoil
map, shifting from full rebound to partial rebound, and ultimately
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culminating in a sticky deposition outcome. This transition signifies that
the wetting state of the surfaces begins in the Cassie-Baxter state at very
low We, and as the We number increases, it transits to the Wenzel state.
Hence, the liquid can penetrate the surface pores and get trapped inside
and causing a delay or prevention in the liquid detachment from the
surface; the higher the drop kinetic energy, the higher the penetration to
the surface. The high surface roughness combined with the irregular
surface coating and the presence of tiny fibers on the surface aim this
transition. Despite the increased receding contact angle and drop vol-
ume, the recoil phase map exhibited non-uniform characteristics. This
variation can be attributed to the inherent non-homogeneity and
deformability of the coated fabrics. Notwithstanding these variations,
the consistent occurrence of full or partial droplet rebounds on the
coated fabrics suggests their ability to maintain effective water repel-
lency under a moderate rainfall (Montero-Martinez & Garcia-Garcia,
2016)(i.e. <0.5 mm rain drops in <2 m/s).

Fig. 3b illustrates the non-dimensional maximum spreading diameter
of a droplet on the surface after impact. Based on the previous findings,
the ratio between the maximum spreading diameter on the solid surface
to the drop initial diameter, Dyqc /Do, at low Weber numbers is pro-
portional to a power of We. This relationship is approved by both the
energy-based models and the experimental correlation (Antonini et al.,
2012). The data in Fig. 3b can be effectively fitted with a power expo-
nent of 0.2, consistent with earlier findings, such as those reported by
Clanet et al. (2004).

An extensive evaluation of the SCC durability has been performed for
assessing the wettability properties after repeated cycles in different
harsh environments. The durability is tested for soaking fabrics at pH 4
for 10 cycles, for UV aging for >300 h and for standard tape test EN ISO
24009 for 5 cycles (Fig. 4a). For the test in acidic water, coated cellulose
acetate (Fig. 4b) shows no great fluctuation of 64 and Oy over the first 8
cycles with values oscillating respectively around 150° and 136°. After
the 9th cycle, 6g drops to 119°. Polyester (Fig. 4c) also shows no
significative reduction of contact angle values until the 10th cycle where
04 is 145° and Og is 130°. The contact angle analysis for soaking cycles
demonstrates excellent durability to repeated submersion at acidic pH,
with reduction of performances only after 9 cycles for cellulose acetate
and 10 cycles for polyester. This test suggests that the coating would be
resistant to repeated washing cycles and to acidic rain exposure.

Standard condition described in the DIN-EN-ISO 4892-3 have been
selected for assessing durability to UV aging, for mimicking the effect of
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Fig. 3. Drop impact investigation of the coated cellulose acetate and polyester fabrics. ‘CA 1.6’, ‘CA 3.2’, ‘PE 1.6°, and ‘PE 3.2’ legends refers to the results from the
impact of a 5 pL distilled water droplet (Do ~ 2 mm) on the corresponding samples. To study on the effect of the impacting droplet on the impact outcomes, two sets
of the drop impact studies performed on CA 1.6 and PE 1.6 samples with 13 pL droplet (Do ~ 3 mm), presented in the figure with hollow symbols. a) Drop impact
outcomes during recoil above the samples. Images from different recoil outcomes observed above the fabric presented in the right side of the graph. b) A ratio of the
maximum droplet diameter on the surface and the initial droplet diameter before impact vs. We.
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intensive exposure to the sun and high humidity. The total UV dose
applied is estimated by using the tester bolometer of the chamber and
resulted 170 MJ m~? which roughly corresponds to 10 months of out-
door exposure at 31° N latitude. Fig. 4d shows the wettability properties
before and after the intensive UV treatment. Cellulose acetate adsorbs
water after the test, while polyester lowers to 64 of 141° and 6g of 104°,
similar value to non-coated fabrics. The UV aging test results in a
degradation of the coating performances to the ones of bare fabrics.

The standard test EN ISO 2409 has been performed to assess the
coating adhesion and to ensure resistance to the abrasive stress. Cellu-
lose acetate (Fig. 4e) shows a decrease of 05 and 6O after the first cycles
to 147° and 109°, with the adsorption of the water at the 4th cycle.
Similarly, polyester (Fig. 4f) shows a decrease of 64 and 0y already after
the first cycle to 143° and 109°, respectively, reaching a plateau until the
5th cycle. The tape test results in a considerable degradation of the
wetting performance of the coating. The weak bonds, which enable the
coating adhesion to the fabrics, are not strong enough to endure tears of
adhesive tapes and determine the coating removal.

TGA under a dynamic nitrogen atmosphere has been coupled with
FTIR spectroscopy to study the products of the thermal degradation.
Fig. 5a shows the thermal profiles of the SCC, compared with the
reference chitosan, stearoyl chloride, and stearic acid. In detail, bare
chitosan exhibits an overall weight loss of ca. 68.4 wt%, with two main
degradation steps, the first one at temperature below 150 °C attributable
to physically-sorbed water (moisture, ca. 8.9 wt%), followed by the
main relevant one at a temperature higher than 300 °C with a long tail
corresponding to a complex degradation pathway (Corazzari et al.,
2015). Stearoyl chloride, instead, exhibited an overall weight loss of ca.
93.2 wt%, with two mass losses, the main relevant one at a temperature
higher than 250 °C (very steep profile) followed by a second one
(slower) at a temperature higher than 300 °C, reaching a plateau at ca.
500 °C. Interestingly, bare stearic acid displayed an overall weight loss
of ca. 94.1 wt%, with a single mass loss at a temperature higher than
250 °C (very steep profile) due to the stearic acid evaporation (Y. Chen
et al., 2017), and leaving at 1000 °C a solid residue of ca. 5.6 wt%.
Lastly, the thermogram of the SCC shows an intermediate behavior be-
tween pristine chitosan and stearic species, exhibiting a single mass loss

starting at a temperature higher than ca. 250 °C, reaching a plateau at
ca. 500 °C, and leaving at 1000 °C a solid residue of ca. 9.9 wt%. Fig. 5b
shows the Gram-Schmidt plots of both pristine chitosan, and SCC. In
particular, with this information, it is possible to determine the time and
temperature at which the major decomposition events occurs, namely at
around 44 min (corresponding to ca. 300 °C), whereas Fig. 5c and
Figure 5dD reported the IR spectra of evolved species produced during
this step for both pristine chitosan and SCC, respectively. In particular,
the IR spectrum of the volatile species deriving from the pyrolysis of
pristine chitosan (Fig. 5¢) evidences the presence of the characteristic IR
signals of HpO, CO3, CO, and acetic acid, with absence of NHs ones
(Corazzari et al., 2015). According to Corazzari et al., it has been
demonstrated that the fate of the amino groups deriving from the
glucosamine structure forming the chitosan chains can be twofold,
namely: (i) ammonia release, and (ii) heteroaromatic rings formation
(mostly entrapped in the solid residue) (Nistico et al., 2020). In the case
of the degradation profile of SCC (Fig. 5d), instead, the IR character-
ization of the evolved gas released during the pyrolysis clearly evidences
the contribution due to stearic acid, thus confirming the presence of the
functionalizing agent in the sample. Due to the large contribution of the
evolved stearic acid and the low intensity of the volatiles coming from
the chitosan pyrolysis, the chitosan contribution is completely covered
(i.e., the variation of the HO and CO IR signals registered in the
spectrum is negligible and can be associated to the atmosphere reba-
lancing) and cannot be quantified.

Biochemical oxygen consumption test has been performed to eval-
uate the biodegradability of the new coating. Fig. 6 reports the oxygen
consumption for the SC, microcrystalline cellulose as positive control,
and polypropylene as negative control. After 4 days, degradation of the
SC and microcrystalline cellulose starts and, after 30 days, 9 and 14 mg
0,/100 mg have been consumed, respectively. Differently, poly-
propylene does not show any signal of biodegradation during the entire
period of analysis. These results confirm that the introduced stearoyl
modification of chitosan does not alter its biodegradable nature. Thus,
such SCC can be utilized for fabrics but also other applications without
impacting the environment and addressing the United Nations’ Sus-
tainable Development Goal 12 (SDG 12), which requires the
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introduction of new material with a well-kwon life cycle also after their
discard (Adeboye et al., 2023).

Finally, the biocompatibility of the superhydrophobic chitosan has
been tested on keratinocytes (HaCaT) and fibroblasts (HFF-1) (Fig. 7).
The viability after 24 and 48 h of exposition to the SCC at different
concentrations resulted in being above 70 % and thus according the
ISO10993-5 guidelines can be defined biocompatible for both the used
cell lines. These results are further confirmed by morphological analysis
(Figs. S2 and S3). Both keratinocytes and fibroblasts did not change their
shapes or showed any signal of toxicity, confirming that SCC is
biocompatible and non-toxic for human skin cells.

4. Conclusion

A PFAS-free superhydrophobic coating has been produced and
deposited by a solventless approach to fabrics with opposite wettability
properties namely cellulose acetate (hydrophilic) and polyester (hy-
drophobic). Both coated fabrics show superhydrophobicity by applying
only 1.6 mg/cm? of coating, reaching quasi-static contact angles of 6, =
151° and Og = 136° in the case of cellulose acetate, and 64 = 153° and 6g
= 139° in the case of polyester. SCC demonstrated a full rebound
response to drop impacts adequate to protect fabrics under moderate

rainfall. The morphology of the deposited coating has been character-
ized by SEM identifying the formation of a spot-like coating with
covered areas of ~100 pm and roughness at the nanometric scale. The
morphological characteristics are in agreement with the obtainment of
superhydrophobicity and with the drop impact behavior.

Durability tests have been performed on SCC for assessing the
coating resistance under harsh environments such as soaking in acidic
water (pH 4), UV exposure and tape standard tests. The coating shows
excellent resistance on both fabrics for cycles of acidic soaking with no
significative variations of contact angles until the 8th cycle for cellulose
acetate and until the 10th cycle for polyester. Extremely harsh condi-
tions of UV exposure tests, corresponding to 10 months of outdoor
exposure at 31° N latitude, results instead in the degradation of the
coating on both fabrics. Standard tape tests show moderate coating
resistance after the first tear but result in the removal of the coating after
multiple tears.

By TGA-FTIR characterization of the SCC thermal decomposition, we
can appreciate the evolved gas released during the pyrolysis which
clearly evidences the contribution due to stearic acid with the effect of
hiding the signals typical of chitosan of H,0O, CO3, and CO. By
biochemical oxygen consumption test, we have verified the effective
biodegradability of the coating which confirms that the introduction of
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stearoyl modification does not alter its biodegradable nature. Finally, we
demonstrate the excellent biocompatibility of the SCC on human kera-
tinocytes and fibroblasts, enabling safe contact with the skin.

While the functionality modification of chitosan involves the use of
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solvents that are not environmentally friendly (specifically pyridine, a
hard-to-replace solvent as an acid scavenger in reactions with acyl
chlorides, and dichloromethane during the purification), the solventless
deposition method adheres to environmental sustainability re-
quirements. This approach limits the use of solvents during the chitosan
modification step and eliminates the need for end-users to handle sol-
vents. Our future objective is to improve the reaction toward environ-
mentally friendly solvents.
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