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The development of textile coatings as alternatives to per- and polyfluoroalkyl substances (PFAS) is a high pri-
ority due to global regulatory efforts aiming to phase out PFAS, driven by alarming environmental contamination
and significant human health concerns. To address the urgent need for replacements, this research develops a
health-friendly hydrophobic coating for two of the most common textile substrates, cotton and polyester. The
developed coating, consisting of chitosan matrix and octenyl succinic anhydride-modified starch in synergy with
ZnO, achieved water contact angles up to 132°. A successful transition to industrial application provided a
translucent and homogeneous hydrophobic protection, without noticeably affecting the material's physical
properties. Maintained or improved mechanical properties, supported by FTIR analysis, indicate a benign coating
process that provides fiber reinforcement. Durability is demonstrated through multiple washing cycles without
decrease in hydrophobicity, and high abrasion resistance (min. 20,000 cycles), winning against its commercial
fluorinated counterpart. The water-repellent properties show stability over a longer period of time (min. 230
days). The biodegradability study confirmed the environmental compatibility as the biopolymer coating
decomposed in 8 days. Finally, multivariate statistical analysis determined an optimal coating process to ensure
effective integration of the newly developed sustainable coating into textile manufacturing processes.

1. Introduction various negative health effects, including cancer, thyroid disease,

reduced fertility, and developmental and metabolic problems (Bartell &

The use of poly- and perfluoroalkyl substances (PFAS) is widespread
in various industries, most commonly in aviation, biotechnology,
packaging, food industry, cosmetic products, pesticides, and textile
production (Gliige et al., 2020). Approximately 15,000 substances are
currently classified under this term, (2022a; CompTox, 2022b) and
leach into the environment, including drinking water, at all stages of
their life cycle (Ackerman Grunfeld et al., 2024; Hypisater & Breedveld,
2022). Studies have shown that PFAS exposure is associated with
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Vieira, 2021; Blake et al., 2018; Fenton et al., 2021; Panieri et al., 2022;
US EPA 2021), highlighting the urgent need to replace them. With
studies demonstrating their long-term stability, bioaccumulation and
negative impacts on human health and the environment, the banning
and phasing out of PFAS in the European Union began in 2009 with the
ban on perfluorooctane sulfonic acid, followed by perfluorooctanoic
acid in 2019 and perfluorohexane sulfonic acid in 2022 under the
Stockholm Convention (UNEP, 2009, 2019, 2022). Initiatives aim to
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eliminate PFAS altogether, with the European Chemical Agency pro-
posing to restrict or ban up to 12,000 compounds (Spyrakis & Dragani,
2023), and New York prohibiting the sale of apparel with intentionally
added PFAS (Department of Environmental Conservation, 2025). In
2023, authorities of Denmark, Germany, Sweden, the Netherlands and
Norway have proposed banning or restricting approximately 10,000
PFAS compounds (ECHA, 2023), creating space for alternatives. Current
hydrophobic alternatives to PFAS, such as hydrocarbon polymers,
alkylamines and acrylates, have their drawbacks, such as difficulties in
matching performance, or replacing one harmful chemical with another
that poses comparable health risks. Similarly, melamine is being used as
a PFAS alternative, however several studies have linked it to urinary
tract cancer, leading to its recent recommendation for inclusion on the
REACH list (Zheng & Salamova, 2020). Eliminating the use of all fluo-
rinated chemicals, has thus been unsuccessful to this date, enabling
these “forever chemicals” to further endanger ecosystems and human
health. One of the main contributors to the concerning problem is the
textile industry, where PFAS are mainly used to impart hydrophobicity
to the materials used in wearable textiles. Overcoming this challenge
requires innovative approaches, such as the application of surface
treatments or coatings that enhance the hydrophobic properties while
maintaining the breathability and comfort of the fabric. Several strate-
gies, such as the use of covalent organic frameworks (Mullangi et al.,
2017), water-based polyurethane (Dai et al., 2021), fluorinated and
quaternary ammonium-functionalized silica nanoparticles in combina-
tion with polydimethylsiloxane (Ye et al., 2021), plasma treatment
(Oberlintner et al., 2024; Samanta et al., 2016, 2021) have been
employed.

On the other hand, nature has succeeded in designing remarkable
(super)hydrophobic materials and structures, with the most prominent
being lotus leaves, duck feathers, butterfly wings, rose petals, and
mosquito eyes, that serve as an inspiration in the search for sustainable
PFAS replacements (Barthlott & Neinhuis, 1997; Byun et al., 2009; Land
& Nilsson, 2012; Saji, 2020). Their wettability properties are due to a
unique interplay between low surface energy, determined by surface
chemistry, and surface micro- and nanostructure. Renewable plant
(carnauba, jojoba, sunflower, and rice bran) and animal-derived
(beeswax, shellac, wool and spermaceti) waxes are commercially
applied and extensively studied as one of the most common tools to
achieve low surface energy and create suitable surface structure (Bashari
et al., 2020; Forsman et al., 2017, Forsman et al., 2020; B.-Y. Liu et al.,
2019; Singh et al., 2023). However, they tend to clog the pores of the
textile, leaving little room for the highly important breathability
(Forsman et al., 2020). Another approach to hydrophobicity is the use of
biopolymers (cellulose, starch and chitosan) and proteins (zein and
hydrophobin) (Goncalves et al., 2020; Opwis & Gutmann, 2011; Shahid
et al., 2022). While cellulose, alginate and starch are naturally hydro-
philic and have to be modified to achieve the desired properties (Cheng
et al., 2018; Cunha & Gandini, 2010; Lin et al., 2024; Oberlintner et al.,
2021; Zhang et al., 2022), chitosan films and coatings already exhibit a
certain degree of hydrophobicity (Lavric et al., 2021). Chitosan repre-
sents a perfect coating matrix due to its viscosity, surface tension, ad-
hesive strength and mechanical properties (Hahn et al., 2019).
Furthermore, it is widely available, relatively low cost, non-toxic,
insoluble in water, biodegradable, and allows surface modification, as
well as film formation, making it a top choice for alternative hydro-
phobic coatings (Baji¢ et al., 2019). With this in mind, several studies
have exploited the advantages of chitosan to develop (super)hydro-
phobic coatings. Examples include modification of chitosan with long-
chain polymers, adsorption of anionic surfactant on chitosan surface,
surface hydrophobization by plasma, or through esterification (Ivanova
& Philipchenko, 2012; Oberlintner et al., 2022; Roy et al., 2022;
Tagliaro et al., 2024). OSA-modified starch is hydrophobic due to the
low polarity of OSA and long chains that hinder water (Altuna et al.,
2018; Lu et al., 2020), food-grade safe, low cost, and commonly used for
stabilizing emulsions (Fan et al., 2025; Wang et al., 2025; Yan et al.,

Carbohydrate Polymers 365 (2025) 123792

2019). At low pH, its free carboxyl groups on the surface become
negatively charged, allowing the formation of a stable polyelectrolyte
complex through electrostatic interactions with cationic chitosan (Wang
et al., 2025). Such a complex combines the best of both worlds — the
chitosan's suitability for coating application and the hydrophobicity of
OSA-modified starch. Inorganic zinc oxide (ZnO) particles, which are
believed to improve water resistance behavior through structuring the
surface and increasing its roughness (Verbic et al., 2019), were added to
the coating. The increase in surface roughness through the creation of
hierarchical structures, enables the air trapping ability of the samples.
By introducing ZnO nanoparticles into the coating dispersion we aimed
to provide an additional structural modification to increase hydropho-
bicity, different from the chemical hydrophobicity imparted by chitosan
and modified starch. While functional groups in chitosan and OSA-
modified starch might contribute to chemical hydrophobicity by repel-
ling water molecules, additional ZnO nanoparticles could enhance the
effect by providing microscale and nanoscale roughness, complementing
the chitosan/OSA-starch effect. ZnO is widely used in the various in-
dustries due to its multifunctional properties. In cosmetics they serve as
UV filters in sunscreens and antimicrobial agents. In textiles, they pro-
vide functional finishes with UV protection, antimicrobial or self-
cleaning properties (Verbic et al., 2019). It is listed as Generally
Recognized as Safe (GRAS) by the US Food and Drug Administration
(FDA, 2025a) and is used as a color and nutritional supplement (FDA,
2025b). At the same time, its use requires careful consideration, espe-
cially in regard to concentration and particle size. While higher con-
centrations of ZnO particles may optimize the performance of the
material, the direct exposure to ZnO nanoparticles could cause oxidative
stress, cytotoxicity and inflammation (De Berardis et al., 2010; Zhuo
et al.,, 2024). While in theory, nano-sized ZnO particles could exhibit
greater toxicity than larger particles due to their increased surface area
and enhanced reactivity, some studies have confirmed the increased
toxicity with the decreasing size (Kaya et al., 2016), while others have
rejected this and found the opposite (Kim et al., 2024; Mitjans et al.,
2023).

In frame of this research, we hypothesized that a biopolymer-based
coating composed of OSA-modified starch, chitosan, and ZnO particles
would exhibit hydrophobicity, durability, and stability comparable to
PFAS, thus representing a new class of sustainable coatings. Aiming to
minimize its potential toxicity while still benefiting from its structural
properties, very low concentrations of ZnO were included (< 0.10 wt%).
Additionally, we have tested different particle sizes (from micro to nano)
to evaluate their effect on surface roughness, hydrophobicity and overall
material performance. This way we aimed to find the optimal balance
between functionality and safety. While the previous research has
focused on the development of films or composites and achieving hy-
drophobicity, our research focused on the practical application of the
newly developed coating on two different textile substrates (cotton
fabric as a natural cellulosic material, and polyester fabric as a synthetic
material), scaling up the application process from laboratory scale to
hand-operated industrial application technique and analyzing the
functional properties and durability of the material. To confirm this,
starch was modified with OSA, incorporated into a chitosan matrix and
applied as a coating to improve the hydrophobicity of cotton and
polyester textiles, shedding a new light on the use of OSA-modified
starch, an established emulsifier and stabilizer in the food and
beverage industry (Zhao et al., 2018). The coating provided hydropho-
bicity, suitable mechanical properties, prolonged stability, and high
durability. With statistical analysis including textile functionality and
process scale-up, this study offers an optimal coating procedure,
bringing such bio-based fluorine-free coating one step closer to com-
mercial applications.
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2. Materials and methods
2.1. Materials

Chitosan (CAS 9012-76-4, medium molecular weight, Mw = 950 kg
mol’l, Mn = 250 kg mol’l, b = 3.82, 76 % deacetylated) (Fig. S1,
Table S1), starch from corn (unmodified, CAS 9005-25-8, pure amylo-
pectin, amylose in traces, pH 5.6, moisture content 10.5 %, Mw x 10°% =
12.9 g mol ™}, Mn x 10° = 6.9 g mol-1, D = 1.87) (Fig. S2, Table $2), 2-
octenylsuccinic anhydride (cis and trans)(OSA), acetic acid, ethanol
absolute (99.5 %), ZnO nanoparticles in three different sizes (< 50 nm,
< 100 nm, < 5 pm) were purchased from Sigma Aldrich (St, Louis,
Missouri, US). Commercially available flourine-containing hydrophobic
coating (referred to as PFAS throughout the manuscript) Nitoguard
textile (Mavro International, Zaltbommel, Netherlands) was used as a
benchmark coating. Plain weaved cotton fabric (CO) was purchased
from Europrint (Ajdovscina, Slovenia) and polyester (PES) fabric from
Svet Metraze (Ljubljana, Slovenia). HCl (Pregl chemicals, Ljubljana,
Slovenia) and NaOH (Merck, New Jersey, US), were used for pH
adjustment during starch modification.

2.2. Methods

2.2.1. Starch modification and its characterization

35 wt% of waxy corn starch was dissolved in water at 35 °C (the
temperature was regulated through water bath) on magnetic stirrer at
400 rpm with pH maintained at 8.5 using 0.5 M NaOH. After complete
dissolution (approximately 30 min), the solution was cooled to room
temperature. OSA was added dropwise in amounts to reach 3 wt%, 6 wt
% and 9 wt% with respect to mass of starch over a time frame of 1 h
under constant stirring, while keeping the pH constant. The reaction was
stopped after 2 h by adding 0.5 M HCI and adjusting the pH to 6.0. The
modified starch was then washed twice with distilled water and twice
with anhydrous ethanol in consecutive cycles with intermittent centri-
fugation at 4500 rpm for 10 min. The precipitate was then dried in a
ventilated oven (Kambic, Slovenia) at 40 °C overnight. The samples
were labeled as OSA—S3, OSA—S6 and OSA—S9 indicating concen-
trations of 3, 6, and 9 %, respectively. The degree of substitution (DS)
was determined by titration, according to a previously described pro-
tocol (Plate et al., 2012).

2.2.2. Preparation of coatings dispersions and coating procedure
Chitosan was dissolved in 1 v/v % acetic acid at concentrations of
0.66, 0.5, and 0.22 wt% on a stirring plate overnight at room temper-
ature. Dried OSA-starch with different DS (final coating dispersions were
labeled CH—OSA—S3, CH—OSA—S6, and CH—OSA—S9) was added
to the dispersions at three different chitosan:OSA-starch ratios (1:3, 1:6,
1:9). Three different sizes of ZnO (< 50 nm, < 100 nm, < 5 pm) were
added to the coating dispersions at concentrations of 0.66, 0.50, 0.22
and 0.10 wt%. The coating was mixed well and coated with two different
procedures: spray coating and dip-pad-dry process. Both types of textiles
(CO and PES) were coated. Uncoated fabrics were used as a control. On
laboratory scale, the coating was applied by using a spray bottle filled
with 5 mL of dispersion and sprayed homogeneously over the 10 x 10
cm (10 cm in weft direction /width, 10 cm in warp direction/length)
fabric piece dried in a ventilated oven (Kambi¢, Slovenia) at 40 °C for 30
min. The procedure was repeated 3 times, with the last drying step
lasting 16 h. The scaled-up samples, approximately 35 x 40 cm in size
(35 cm in weft direction/width, 40 cm in warp direction/length), were
prepared by immersing the fabric samples in a glass impregnation bath
containing coating dispersion for 1 min, wringing on a double roller
foulard with a wet pick-up of 80 %, and drying in a laboratory contin-
uous dryer (Mathis, Switzerland) for 5 min at 40 °C. Three sets of
samples were prepared by applying the coating material 1, 2 and 3 times
to each sample, labeled UP1, UP2 and UP3, respectively. The samples
that received multiple coatings were thoroughly dried (for 5 min at
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40 °C) between each application to ensure optimal adhesion and uni-
formity of the coating layers.

To benchmark biopolymer-based coatings dispersion developed in
frame of this study, a commercial PFAS-containing coating was used.
Fabric samples were dip-coated according to the instructions provided
in product's Safety data sheet. The CO and PES fabrics were immersed in
a glass impregnation bath containing undiluted coating for 1 min,
wringed on a double roller foulard (Mathis, Switzerland) with a wet
pick-up of 80 % and dried in a laboratory continuous dryer (Mathis,
Switzerland) at 150 °C for 2 min.

2.2.3. Surface wettability

The first indication of the success in hydrophobization of the textiles
was evaluated by measuring the water contact angle (WCA). For this
analysis, tensiometer Theta T200 (Biolab Scientific, Gothenburg, Swe-
den) was used. The water drop was 3 pL and the measurement was taken
at 5 s after the start of the measurement. To analyze the stability of
chitosan coating alone, the measurements were performed at 5, 10, 15
and 20 s. For selected formulations with the highest WCA, the potential
absorption of a water droplet was followed over the course of 5 min.

2.2.4. Scanning electron microscopy (SEM) and energy dispersive
spectroscopy (EDS)

The surface morphology of the control (untreated) and coated CO
and PES samples was analyzed using a SUPRA35 VP scanning electron
microscope (Carl Zeiss, Germany), with a primary electron beam
accelerating voltage of 1 kV, an aperture of 30 pm and a working dis-
tance of 6.1 mm. The micrographs were taken at 150x and 1000x and
50,000 x magnification.

The presence of zinc and fluorine on the textile samples was deter-
mined by EDS (Oxford Instruments Ultim Max 100 silicon drift detector
(SDD)) at 20 kV with 120 pm aperture at 8.5 mm working distance. The
analysis was performed at three locations for each textile sample and the
average value was reported. To achieve sample conductivity, the sam-
ples were coated with a 6 nm of layer of gold prior to the analyses.

2.2.5. ATR-FTIR analysis

ATR-FTIR was used to study into structural changes in OSA-starch
and coated textiles. Perkin Elmer (Massachusetts, USA) Omega 3 was
used, with measurements between 4000 cm™! and 400 cem~! with a
resolution of 1 cm™! and an accumulation of 16 scans. The measure-
ments were repeated at three separate points of the sample and the
average was reported. Modified starch (OSA—9), chitosan (CH), and the
developed coating consisting of chitosan matrix, modified starch and
ZnO particles (CH + OSA-9 + ZnO) were measured as solid-state films/
particles. Other samples (CO, CO PFAS, CO UP1, CO UP2, CO UP3, PES;
PES PFAS, PES UP1, PES UP2, PES UP3) were analyzed as textiles.

2.2.6. Mechanical properties

Breaking strength (N) and elongation (%) of untreated and coated CO
and PES samples were analyzed using the Zwick Roell Z010 in according
to standard ISO 13934-1:2013 with slight modifications. Each sample
was cut three times in the warp and weft directions (250 mm x 50 mm)
and analyzed using a pre-loading of 2 N and a speed of 200 mm/min.
Before the measurements, the samples were conditioned at 23 °C and 50
% relative air humidity for 24 h. The breaking strength and elongation
were read at the breaking point of the test sample and the average and
standard deviation were calculated.

2.2.7. Stiffness of the samples

The bending rigidity (G) of the samples was measured by performing
“Shirley” stiffness test according to ASTM standard D-1388-64, which
assesses how the sample bends under its own weight. Specimens (25 x
200 mm in size) were cut in both warp and weft direction (5 samples per
direction) and conditioned in a controlled atmosphere at 65 + 2 %
relative humidity and 20 + 1 °C for 24 h. Each specimen was extended
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from the horizontal surface at a controlled rate in a direction parallel to
its long dimension, until its leading edge projected from the edge of a
horizontal surface. The overhang length was measured when the tip of
the specimen depressed under its own weight to form a 41.5° angle.
From this length the rigidity was calculated according to the following
equations:

Rigidity in warp and weft direction:

L\’
Gi2) =T x -5

where the T is fabric weight per unit area (g/mz) and 1 is bending length
(cm).
Overall rigidity:

G:'\/G1><G27

Where G; and Gy are bending rigidities (mg cm), in warp and weft
directions.

2.2.8. Thickness

Thickness of the coated samples was measured with digital caliper
Mitutoyo ID-C112X (Mitutoyo, Japan) with an eight mm stem diameter
and < 1.5 N measuring force. Five measurements of each sample were
performed and the average value was reported.

2.2.9. Fabric mass per unit area

The fabric mass per unit area was determined according to SIST-EN
12127 standard which describes methods for measuring mass of small
samples in the standard atmosphere. Five specimens of each sample
were cut to a size of 10 x 10 cm (100cm2), weighed and then the mass in
grams per 100 cm? was recalculated to mass in grams per m2.

2.2.10. Color measurements

The color of the samples was determined by measuring the reflec-
tance using a Spectro 1050 spectrophotometer (Datacolor, Switzerland)
according to the SIST EN ISO 105-J01 standard (General principles for
measurement of surface color), from which the CIE L*a*b* color co-
ordinates and the color strength (K/S value) were calculated. Five
measurements of each sample were performed using a 6.6 mm aperture
and the average value was calculated by the Datacolor TOOLS plus
computer software.

2.2.11. Thermal stability

Thermogravimetric analysis (EGA 4000, Perkin Elmer, USA) was
performed to evaluate the thermal stability of the coating. Approxi-
mately 50 mg of the coated textile sample was heated from 40 °C to
800 °C at a rate of 5 °C per minute in a nitrogen atmosphere.

2.2.12. Abrasion resistance

The abrasion resistance of the samples was determined using the
Martindale abrasion testing apparatus M235 (SDL International, UK)
according to SIST EN ISO 12947-2:1999 standard. Two sets of
biopolymer-coated and PFAS coated samples with a 38 mm diameter
were subjected to rubbing cycles of 1000, 5000, 10,000 and 20,000. The
WCA of the rubbed samples was measured afterwards.

2.2.13. Washing durability

Resistance to washing was determined according to the ISO 105-C06
standard, using the Gyrowash 815 apparatus (James Heal, UK). A
simulation of one and five domestic washing cycles was performed by
conducting A1S and A1M tests. All washings were performed by
immersing the samples (10 x 4 cm) in 150 mL of 4 g/L ECE phosphate
reference detergent B solution (SDC Enterprises Limited, UK), with the
addition of 10 stainless steel balls. The samples were washed at 40 °C for
30 min (simulation of one domestic washing cycle) and for 45 min
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(simulation of five domestic washing cycles). After the completed
washing, the samples were rinsed twice for one minute in a 100 mL of
Milli-Q water, squeezed, and dried at room temperature.

2.2.14. Multivariate statistical analysis

The data derived from the measurements of characteristics described
in this paper were utilized in multivariate statistical analysis as outlined
in Oliveri et al. (2020). The data were first organized into matrices and
Box-Cox transformed as described previously (Vidmar et al., 2023). For
clustering, Euclidean, Bray-Curtis and Occhiai distances were used with
Paired group or Ward's method was utilized in parallel (Cophenetic
correlation = 0.981; Number of bootstraps = 1000) as described before
(Peres-Neto et al., 2006; Smith & Lundholm, 2010; Stres et al., 2013) in
PAST (Hammer et al., 2001).

Results and discussion

2.3. Developing the optimal formulation

In this study, a chitosan/modified starch-based alternative to PFAS
hydrophobic coatings was developed and optimized. Several parameters
were tested to obtain the most suitable coating solution, including the
composition of the chitosan base, the degree of starch modification, the
ratio between the two biopolymers, and the ZnO loading and particle
size.

First, to find the optimal composition of the chitosan matrix, three
different concentrations of chitosan (0.22, 0.5 and 0.66 wt%) dissolved
in acetic acid were coated on cotton. Higher concentrations, especially
0.66 wt% resulted in a dispersion that was too viscous to ensure a ho-
mogeneous coating. Furthermore, concentrations of 0.5 wt% and 0.66
wt% did not surpass the hydrophobic threshold, exhibiting WCA of 70
+ 5° and 65 + 13°, respectively (Fig. S3). Therefore, 0.22 wt% chitosan
solution (WCA 86 + 9° on CO fabric and 46 4+ 11° on PES) was selected
and used as the matrix for further experiments. While the chitosan-
coated CO and PES fabric initially showed high WCA, these values
dropped significantly within 10 s and showed high variability between
measurements (Fig. S4). Building on these findings, we further investi-
gated the effect of incorporating starch into the matrix. Modification of
starch with OSA facilitates the substitution of hydroxyl groups on starch
with hydrophobic octenyl groups, resulting in a decrease in the free
surface energy, as well as hindering the starch backbone from the water
molecule, and thus reducing wettability (Bai & Shi, 2011; Trubiano,
1986). The successful modification was confirmed by ATR-FTIR analysis
(Fig. S4), where newly emerged peaks at 1730 cm ™ are visible, as well
as by titration and DS determination. The DS obtained were 0.009 +
0.0009 %, 0.015 + 0.0016 %, and 0.025 + 0.0009 % for samples
OSA—S3, OSA—S6, and OSA—S9, respectively (Table S3). Both fabrics
coated with unmodified starch exhibited hydrophilic properties, while
in others a proportional increase in WCA with respect to DS was
observed, indicating that the samples became progressively more hy-
drophobic as the degree of starch modification increased. This was
particularly evident for the PES fabrics, which exhibited a WCA of 109
+ 10° when treated with CH—OSA—S9, compared to values just below
95° for CH—OSA—S6 and CH—OSA—S3 (Fig. 1a). A similar trend,
however with a smaller difference, was observed for the CO fabric,
where WCA decreased from 119 + 6° when coated with CH—OSA—S9
to 112 + 5° and 111 + 3° for CH—OSA—S6 and CH—OSA—S3. This
suggests that the degree of starch modification plays a crucial role in
altering the surface properties of the fabrics, thereby improving their
resistance to water absorption. Finally, to explore the interactions be-
tween chitosan and modified starch and to gain insight into their com-
bined effects on fabric wettability properties, the optimal synergy
between coating components was determined by testing three different
ratios of chitosan to modified starch: 1:3, 1:6, and 1:9 using OSA—S9.
The highest WCA was observed with the 1:3 ratio on both CO (119 + 6°)
and PES (109 + 10°) fabrics, while a higher amount of modified starch
relative to chitosan resulted in the opposite effect (Fig. 1b). Although
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Fig. 1. WCA of laboratory-scale coated CO and PES samples with a) unmodified starch and starch modified to different DS (*denotes OSA-CH-), b) varying ratio
between chitosan and modified starch, ¢) added ZnO particles of different average size.

OSA-starch increases the hydrophobicity of the chitosan matrix through
the formation of chitosan/OSA-starch complexes, it does not exhibit
hydrophobic properties when coated on the fabric itself (Fig. S5),
therefore coatings where modified starch greatly outweighs chitosan
(chitosan to starch ratio 1:6 and 1:9) exhibit reduced hydrophobicity.
The determined optimal chitosan to starch ratio and DS of starch ensures
hydrophobic properties of the treated fabrics and further opens up new
possibilities for the development of functional textiles, therefore we
investigated the improvement of textile performance by incorporating
inorganic particles.

ZnO particles of different sizes (< 50 nm, < 100 nm, and < 5 pm)
were added to the most optimal coating (CH—OSA—S9 coating with
chitosan to starch ratio 1:3) to tailor the surface morphology and thus
further improve the water-repellency as well as other properties of the
samples (Fig. 1c). It is generally known that smaller particles have
higher volume-to-surface ratio which increases their reactivity (Saleem
& Zaidi, 2020). However, we have noticed a correlation between the
particle size and the hydrophobicity. As shown in Fig. 1c, smaller par-
ticles, particularly those on the nanoscale, have a positive effect on
hydrophobicity. By decreasing the ZnO particle size from <5 pm to
<100 nm, the WCA values increase from 121 + 11° to 130 + 1° for CO
and from 112 + 10° to 124 + 1° for PES fabric. When the ZnO size is
reduced to <50 nm, the WCA further increases to 132 + 0° for CO and
126 + 2° for PES. The increase in WCA may be due to the increase in
surface roughness achieved by the addition of ZnO in the coating
(Ghasemi et al., 2018; Shahid et al., 2022), in particular, the smallest
size of ZnO particles, where higher surface roughness could be achieved.
It seems that the smaller ZnO particle size also contributed to a lower
standard deviation (from 10.5 (CO) and 9.6 (PES) with <5 pm particles,
to 0.2 (CO) and 1.6 (PES) with <50 nm particles) between measure-
ments of WCA between samples, thereby improving the uniformity of
the samples. Finally, by testing several different concentrations of ZnO,
varying from 0.66 wt% to 0.1 wt%, the optimal concentration of ZnO
was found to be the lowest (achieving WCA of 121 + 10° on CO and 112
=+ 10° for PES), which is desirable from an environmental and economic
point of view. Higher concentrations of ZnO (0.66 and 0.5 wt%) resulted
in a significantly increased viscosity of the coating dispersion, possibly
due to aggregation of the ZnO particles, making it unsuitable for spray
coating application.

2.4. From lab-scale to pilot-scale

To investigate the scalability and applicability of the developed
formulation, a pilot scale dip-pad-dry application process was used. To
demonstrate the competitiveness of the novel bio-based coating, a
comprehensive comparison with a commercial PFAS-containing coating
was performed. To gain insight into the effect of layering during scale-
up, one, two, or three layers (UP1, UP2, UP3) of coating were applied.
The results indicated that the wettability was not dependent on the
number of passes through the coating process with all the samples

exhibiting WCA around 125° for both CO and PES (Fig. 2a and b).
Although the process involved wringing on a double cylinder foulard,
which could potentially remove a significant amount of the coating from
the samples, good hydrophobicity was achieved as further shown in
Video S1 and Video S2. To test the wettability to a wider range of
common liquids, tea, milk, coffee and juice were dropped on the surface,
revealing resistance to all of them (Fig. 2c). Additionally, the dynamic
wettability of the control, chitosan-coated, scaled-up sample (UP1) and
PFAS-coated samples were determined (Fig. S8, Fig. S9). While the
control and chitosan-coated samples did not exhibit hydrophobic dy-
namic contact angles and the water droplet was quickly absorbed after
being deposited on the sample surface, the UP1 sample proved to have
excellent hydrophobicity even during movement. However, the sample
was found to be rough by the AFM analysis (Fig. S10), which disabled to
perform the tilting contact angle measurements effectively, as the
droplet did not roll-off even at the highest tilting angle (88°). The
volume-changing method showed a contact angle hysteresis of 5.12° for
CO UP1 and 1.54°for PES UP1. The PFAS-coated sample had a lower
contact angle hysteresis when applied on CO (4.01°), presumably due to
lower surface roughness and a similar value when applied on PES
(3.36°). However, as the number of coating layers could improve me-
chanical properties or durability, therefore they were analyzed
subsequently.

The visual appearance of the scaled-up bio-based sample and the
PFAS-coated sample was evaluated by measuring the CIE L*a*b* color
coordinates (Table S4) and determining the color strength (K/S values)
(Fig. 2d). The CIE L*a*b* color measurements indicate that there is only
a slight difference between the control and coated CO and PES samples,
as the values of all color coordinates (white-black, green-red and blue-
yellow) remained on the same side of the color coordinates. The color
strength of the samples was determined by the K/S values, where an
increased value means that the color of the sample is stronger. The K/S
measurements of the CO and PES samples indicate that the values after
coating application do not show any significant change compared to the
control sample. The CO sample coated with one layer of bio-based
coating, shows a similar value of color strength (K/S = 0.0078) as the
uncoated CO fabric (K/S = 0.0094). By increasing the number of coat-
ings, the value increases slightly to 0.0109. For the PES sample, the
differences are even smaller, and the K/S value remains at a similar level
for all samples (0.0430-0.456). Similar K/S values are measured for the
PFAS coated samples (K/S = 0.0091 and 0.0467). The results indicate
that the color of the samples remains largely unchanged after one, two,
or three consecutive applications of the bio-based formulation or the
commercial PFAS coating, demonstrating that our developed bio-based
coating achieves color properties comparable to those of the commercial
baseline. The scanned samples (Fig. S6) show that the color difference is
not visible to the naked eye.
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Fig. 2. Demonstration of wettability: a) WCA, b) water droplets, c) coating resistance to droplets of tea, milk, coffee, and juice; d) K/S values of the control, and

coated (bio-based and PFAS) CO and PES samples.

2.5. Morphological and structural properties

The morphological and elemental characteristics of the scaled-up
samples were analyzed to investigate the correlation with the func-
tional performance. Large particles of OSA-modified starch (Lang et al.,
2024) are visible in the gaps between the fibers on SEM micrographs
particularly of the CO sample (Fig. 3a), which also has a rough, porous,
capillary-interconnected coating structure observed at higher magnifi-
cations. A similar coating structure was reported by Staneva et al.
(2023), where the authors explained that the specific structure was
formed due to the modification of chitosan with aldehydes (Staneva
et al., 2023). Although still present, a reduced number of OSA-modified
starch particles is observed in the PES sample (Fig. 3b), which also ex-
hibits a significantly smoother morphology. In general, it appears that
less coating remains on the PES samples, which was confirmed by the
smaller increase in mass per unit area compared to CO (Fig. 6). This may
be due to the fiber structure itself, as cotton is known for its abundance
of hydroxyl groups which are present in smaller amount in polyester,
thus affecting its interaction with other materials. The PFAS coated
samples (Fig. 3c-d) show a smoother coating surface which is especially
visible at higher magnifications. However, the coating appears to have a
tendency to form aggregated clumps that bind the individual fibers
together. Large patches of PFAS coating can be seen on both the CO and
PES samples.

Following the SEM analysis, which provided a detailed imaging of
the sample's surface morphology, we proceeded with EDS mapping, to
examine the elemental composition of the samples. The bio-based
scaled-up sample (UP3) was analyzed for the presence of zinc, while
the PFAS benchmark samples were analyzed for fluorine. Analysis of the
scaled-up samples containing ZnO, confirmed that the zinc is uniformly
distributed over the entire surface of the CO and PES fabrics (Fig. 4a-b),
proving the homogeneity of the bio-based scale-up coating and

application. In order to determine, whether the coating layers cover and
conceal the fiber surface, and to investigate whether the coating pene-
trates into the interior of the fabric, SEM and EDS analysis of the UP3 CO
sample cross section was performed. As it can be seen from the SEM
micrograph of the cross section (Fig. 4c), the individual coating layers
are not visible. The dip-coating process, in which the entire sample is
immersed in the coating dispersion, allows the coating to access the
inner layers of the fabric. As the immersion is followed by wringing on
the double cylinder foulard, the excess coating is removed, allowing a
thin and uniform coating layer to be applied over the entire sample
surface. The appropriate application method prevents the coating from
completely covering the surface and closing the fabric weave and pores
of the fibers to such an extent that a completely sealed, non-permeable
coating layer would be formed. Furthermore, the EDS mapping revealed
that the zinc (in the form of ZnO) present in the bio-based coating was
not only present on the outer layers, but had been absorbed into the
interior of the fabric (Fig. 4d), indicating that the coating was uniformly
distributed throughout all layers of the fabric. In addition, the concen-
tration of zinc on the surface was determined at three points on the CO
and PES scaled-up samples (Fig. 4g). For the CO sample, the zinc con-
centration increased with the number of coating layers (from 0.29 +
0.08 to 0.4 £ 0.12 wt%), which correlates well with the 0.1 wt% of ZnO
deposition per treatment (ZnO molar mass only 17 % higher than of Zn),
while the values for the PES sample were more irregular and did not
increase with the number of coating layers (from 0.09 + 0.04 to 0.18 +
0.06 wt%). This is consistent with the SEM micrographs (Fig. 3b) and the
EDS mapping of zinc (Fig. 4b), where a smaller amount of zinc is visible
on the micrograph image compared to the CO sample. The EDS of the
PFAS baseline samples showed a significantly greater amount of fluorine
present on the CO sample compared to the PES sample, which is
consistent with the previous SEM and EDS mapping results.

In order to gain insight into the interaction between the main
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Fig. 3. The SEM micrographs of the bio-based scaled-up (UP3) a) CO and b) PES sample and PFAS coated c¢) CO and d) PES sample at 1000x and 10,000x
magnification.
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Fig. 4. EDS mapping of zinc on a) CO and b) PES bio-based scaled-up samples, ¢) SEM and d) EDS mapping of bio-based scaled-up CO sample's cross-section, EDS
mapping of fluorine one) CO and f) PES benchmark PFAS sample, and g) wt% of zinc and h) wt% of fluorine on bio-based scaled-up and benchmark PFAS sample.

components of the coating, ATR-FTIR analysis was performed (Fig. 5). cm_l, and a peak at 1560 cm~! related to amide-NH, absorption band
Chitosan powder exhibits its characteristic peaks related to OH and NH (H. Liu et al., 2013; Oberlintner et al., 2022). In modified starch,
stretching vibrations between 3700 and 3100 cm ™, CH stretching vi- OSA—S9, a broad peak related to OH stretching (between 2800 and
brations between 3050 and 2800 cm™!, amide-I band located at 1730 3100 ecm 1), peaks corresponding to CH stretching vibrations (around
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Fig. 5. ATR-FTIR spectra of a) modified starch (OSA—S9), chitosan (CH), and the developed coating consisting of chitosan matrix, modified starch and ZnO particles
(CH + OSA-S9 + ZnO); b) uncoated CO (CO), and CO with commercially available PFAS (CO PFAS), and CO coated with the developed bio-based coating (CO UP1,
CO UP2, CO UP3); c) uncoated PES (PES), PES coated with PFAS (PES PFAS), and PES coated with the developed coating (PES UP1, PES UP2, PES UP3).

2900 cm™1), peak associated with G=0 stretching vibration at 1723
cm™!, and OH bending of water (at 1630 cm™ ) were observed (Ren
etal., 2017; Xu et al., 2005). Bands at 1152, 1076, 1000, and 933 cm ™!
are related to C—0O, C—O—H and C—O stretching in the biopolymer
backbone (Li et al., 2021). When forming a complex between the two
components, peaks in this region (between 1200 and 900 cm ™), which
is typical of polysaccharides are slightly shifted to higher frequencies,
suggesting interactions between the chains. Additionally, indicative of
the interactions between the amino groups of chitosan and the hydroxyl
groups of starch, the amide-I and N—H peaks in chitosan shifted to 1709
cm and 1555 cm ™, respectively, demonstrating improved compatibility
between the two biopolymers (Ren et al., 2017). Possible structural
changes, which would also indicate changes in the properties of CO and
PES surfaces upon coating with PFAS and chitosan-based coatings were
investigated. When both CO and PES were coated with the developed
bio-based coating, the spectra closely resembled the ones of uncoated
textiles, however with enhanced CH-related vibrations at 2900 cm ™!,
which became even more prominent with increasing the number of
layers applied, indicating the presence of the coating (Fig. 5b and c). The
PFAS-coated CO fabric revealed newly emerged peak at 1736 cm !,
associated with C—=0 bonds that are present in PFAS (Fig. S7), con-
firming the deposition of the coating onto the surface.
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2.6. Functionality, durability and stability of the coated textiles

Commercial PFAS coatings are well-known for their longevity,
particularly when it comes to resistance against washing and wearing.
To evaluate how our bio-based coatings compare in performance to the
benchmarks set by PFAS coatings, we analyzed the sample's mechanical
properties, durability to washing, abrasion resistance and the effect of
sample aging on WCA.

The physical properties of textiles play a crucial role in determining
their functionality and use in real-world applications. The application of
coatings can significantly alter properties, such as bending rigidity,
grammage and thickness, impacting how they look and feel. The fabric
mass per unit area (the grammage) (Fig. 6a) of the bio-based scaled-up
samples increased slightly as the number of coating layers increased.
The PFAS coated samples, which were coated with a single layer of
coating, have similar to slightly increased values compared to the bio-
based samples. The greatest differences are observed in the inherent
properties of the different fabrics themselves. Similarly, the thickness of
the bio-based CO samples also slightly increases with the number of
coating layers (Fig. 6a). The bio-based PES samples maintain similar
thickness values among all three samples, while the PFAS-coated PES
sample reaches a similar thickness as the uncoated (control) sample. The
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Fig. 6. a) Mass per unit area (g/m?), thickness (mm), b) images presenting the stiffness of the samples and c) overall rigidity of the control, PFAS, UP1, UP2, UP3

coated CO and PES samples.
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differences between all the measurements are minimal and fall within a
range that is unlikely to be noticeable under typical real-world
conditions.

The stiffness of the control and coated samples was assessed by
measuring the rigidity (Fig. 6b, c). The control CO and PES samples are
soft and flexible with overall rigidity values of 176.15 mg-cm (CO) and
100.05 mg-cm (PES). Application of either the bio-based or PFAS
coating resulted in increased rigidity, which is more pronounced for the
CO samples. By applying PFAS coating, the stiffness of the CO increased
to 329.82 mg-cm and to 117.27 mg-cm for PES. By applying one layer of
bio-based coating (UP1), the values increase to 485.46 mg-cm for CO
and 457.00 mg-cm for PES. The values increase further by applying two
(UP2) or three (UP3) layers of coating, however, a much larger increase
is observed for the CO samples. This is in good agreement with the SEM
results (Fig. 3), EDS results (Fig. 4) and the mass per unit area results
(Fig. 6a). The rigidity of the bio-based coated PES samples increases only
slightly with additional layer application. This can be well observed
from the image of the coated samples (Fig. 6b), where the stiffness of the
CO UP1, UP2 and UP3 samples slightly increases with increasing the
number of layers, while the PES stiffness remains similar regardless of
the number of coating layers. While numerically, the rigidity values
increase significantly with the application of all coatings, in real life the
values are not high enough that the rigidity would significantly affect
the hand-feel and usability of the fabric. The literature on coated textiles
shows similar or higher rigidity values, with the increased rigidity of up
to 700 to 1800 % for the samples coated with hydrophobic coating
compared to the uncoated samples (Dignes et al., 2024; Golja et al.,
2013; Simoncic et al., 2014).

Carbohydrate Polymers 365 (2025) 123792

Among the mechanical properties of the textiles, we focused on the
breaking strength and elongation at break of the control, bio-based
scaled-up and PFAS coated samples (Fig. 7a and b) in both warp and
weft directions. The results showed minimal differences in the force
required to break the CO samples, whether uncoated or coated. This
suggests that the coatings did not significantly alter the mechanical
strength of the fabrics, as the primary load-bearing components are the
fibers themselves and not the applied coating. This also confirms that the
application of the developed coating, did not compromise the mechan-
ical integrity of the fabric, and that the fibers were not chemically or
physically damaged during the coating process. The greatest difference
observed was noticed between the values of the CO and PES fabrics in
general, which is primarily due to the inherent properties of the material
itself. However, the force required to break the PES sample in the warp
direction increases in the following order: control, UP1, UP2, UP3,
PFAS, indicating that the number of coating layers increases the force
required to break the sample, which could be due to the increased
thickness and mass per unit area of the samples achieved by applying
multiple coating layers (Fig. 6). At the same time, the control PES sample
has a much higher standard deviation between the breaking strength
measurements, than the bio-based scaled-up or PFAS coated PES sam-
ples. The difference in material properties is also observed when
measuring elongation at break, where again higher values are observed
for the PES samples. A slight increase in values was observed for the
PFAS-coated PES sample in both the warp and weft directions, indi-
cating that the PFAS coating may affect the elongation at break of the
PES fabric. In contrast, the PFAS-coated CO sample exhibited values
similar to those of the bio-based coated samples. Despite the changes
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Fig. 7. Mechanical properties of bio-based and PFAS coated samples: a) Breaking strength, b) elongation at break, ¢) WCA before and after 1 and 5 domestic washing
cycles and d) images of measured WCA for bio-based scaled-up and PFAS coated samples.
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observed, no clear correlation could be established between the number
of coating layers and the measured strength or elongation values, ex-
pected in either the warp and weft direction or in both materials, sug-
gesting that the number of layers applied does not directly influence the
mechanical behavior in a predictable manner. The elongation and
strength values remained comparable, indicating that the newly devel-
oped coatings performed similarly to commercial benchmark coatings.

The washing durability of the samples was evaluated by performing a
laboratory simulation of one and five domestic washings (Fig. 7d). The
control CO and PES samples are so hydrophilic that it is not possible to
measure their WCA, therefore their measurements are given as <10°.
The WCA of the control samples remains immeasurably low after 1 or 5
washing cycles. The measurements of the washed bio-based scaled-up
samples indicate that the WCA values do not decrease notably after 5
domestic washing cycles. In some cases, the values even slightly
increased, which could be due to the chemical or weave structure
changes during the washing. This suggests that the coating effectively
retains its hydrophobic properties even after repeated washing. No
significant correlation can be established between the number of coating
layers and the measured WCA values after washing, suggesting that
increasing the number of coating layers (UP1, UP2, UP3) does not
provide prolonged washing durability of the coating. While the PFAS-

a)
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coated samples initially exhibit excellent water repellency, the WCA
values show a significant decrease after the first washing cycle, with
further decreases observed after five domestic washing cycles, bringing
their WCA close to that of the bio-based scaled-up samples.

The abrasion resistance of the bio-based and PFAS-coated samples
was evaluated by performing the Martindale abrasion test (Fig. 8a). The
WCA of the bio-based scaled-up CO samples decreased with increasing
number of abrasion cycles, however, the values still remained high
enough to be hydrophobic even after 20,000 cycles, while the PFAS
sample shifts to hydrophilic after only 5000 rub cycles, indicating a
susceptibility to wear and loss of protective properties. In addition, the
CO samples retained their hydrophobic properties regardless of the
number of coating layers applied. The bio-based CO sample has per-
formed significantly better than the baseline PFAS coating on CO,
demonstrating an important advantage of the novel coating developed
in frame of this research. The improved performance of the bio-based
coating compared to the commercial PFAS coating may be due to its
superior homogeneity, as confirmed by SEM and EDS analyses. This
behavior is not observed when focusing on PES samples. Both the bio-
based and PFAS-coated PES samples effectively maintain their hydro-
phobic properties throughout the rubbing cycles. Similar to the CO bio-
based samples, no significant differences in coating durability are
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Fig. 8. a) Abrasion resistance of CO and PES samples over 20,000 rubbing cycles, b) thermal stability of bio-based and PFAS coated of CO and PES samples.
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observed in relation to the number of coating layers applied. However, a
substantial difference in the stability of the PFAS coating on PES
compared to CO is evident. The WCA shows a decrease after the initial
1000 abrasion cycles, while WCA of the sample remains stable there-
after. The difference in durability could be attributed to the chemical
structure of the materials and their ability to bind with the compounds
from the coatings, affecting their stability.

The thermal stability of the samples was evaluated through TGA.
Since the number of coated layers did not show any effect on the thermal
stability, only UP1 from the scaled-up samples are presented for clarity
(Fig. 8b-e), while UP2 and UP3 can be found in the Supplementary in-
formation (Fig. S11). Focusing first on CO, both uncoated and coated
with UP1 and PFAS exhibit the same trend. The decomposition occurs in
two phases: i) water loss up to temperatures of 105 °C (up to 2 wt%), and
ii) main decomposition phase with a starting temperature of 215 °C. The
temperature of maximum weight loss differs slightly between the sam-
ples, with uncoated CO having the highest (354 °C) followed by PFAS
coated (347 °C) and bio-based coating (346 °C). Since the coating rep-
resents around 3 wt% of the sample, the difference can be attributed to
the fact that the temperature of the maximum degradation of bio-based
coating is 295 °C (Fig. S11). For similar reasons, the char residue of CO
UP1 and PFAS (6 and 5 wt%, respectively), is slightly lower than that of
the uncoated sample (7 wt%). On the other hand, PES, coated or un-
coated, does not exhibit any water loss and decomposes in only one
phase starting at 285 °C. Maximal degradation for all three samples
(PES, PES UP1 and PES PFAS) is at 421 °C. Again, the char residue is 1 wt
% higher in the uncoated samples compared to the coated one (10 wt%),
contributing to the weight of the coating. Based on these findings, the
coating shows sufficient thermal stability of CO and PES fabrics, com-
parable to commercially available fluorine-based coatings.

The long-term stability of the samples was evaluated by monitoring
the aging of the samples and its effect on the hydrophobicity of the
samples. The WCA of the bio-based scaled-up samples was measured the
day after preparation, after 40 days, and after 80 days to assess any
changes in hydrophobicity over time (Fig. 9a). The results showed that
all CO samples showed an increase in WCA 40 days after preparation,
but with a large standard deviation between measurements. The PES
samples showed a decrease in WCA over the same time period. However,
the measurements taken 80 days after production show a decrease
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compared to the values recorded at 40 days. Nevertheless, these values
remain approximately the same or higher than those measured on the
day of production for the CO samples. At the same time, the values show
a similar or smaller standard deviation than the values measured on the
day of production of 40 days, suggesting that as the samples age, their
surfaces become more uniform, resulting in less variability in the
measured values and more homogeneous and consistent surface prop-
erties, regardless of the number of coating layers. The PES samples
showed a slight decrease in WCA after 40 and 80 days compared to the
day after sample preparation, but their hydrophobicity was maintained.
To further evaluate the sustained hydrophobic performance of the
coated samples beyond the initial 80-day period, additional measure-
ments were taken after 230 days. The WCA of the CO and PES samples
remained stable, with no significant decrease in WCA values observed.
All samples exhibited WCA values similar to those measured at 80 days,
with a few degrees of fluctuation in increase or decrease. The results
indicate that the bio-based scale-up samples effectively retained their
hydrophobic properties making them stable over prolonged periods of
time. In addition to long-term stability, biodegradability in soil tests
were performed on the standalone coating material. The results
demonstrated that the biopolymer component of the coating de-
composes rapidly under soil conditions (Fig. S14), highlighting its
environmental compatibility, alongide the functional stability when
applied on the textile material.

In addition, water absorption was monitored by exposing the sam-
ples to water droplets for 5 min (Fig. 9b). The results showed that all
samples effectively retained their hydrophobic properties for the first 60
s of exposure. Furthermore, the CO samples effectively maintained their
level of hydrophobicity throughout the 5 min period, regardless of the
number of coating layers. Although a slight difference in the measured
WCA was observed when comparing the number of coating layers - the
highest WCA was measured for the UP2 sample, followed by the UP1
sample. The PES samples showed significantly different results. While all
three samples maintained their WCA for the first 60 s, the WCA values of
the UP1 and UP2 samples decreased significantly thereafter, suggesting
that the number of coating layers may have an effect on the hydro-
phobicity of PES fabrics during prolonged exposure to water. These re-
sults further emphasize the importance of evaluating the aging,
prolonged water exposure and number of coating layers to better
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understand the durability and stability of the developed coating in real-
world applications.

2.7. Multivariate statistical analysis

The effects of multiple consecutive coatings of the bio-based
formulation on the sample's properties and durability were further
investigated by performing a multivariate statistical analysis, aiming to
determine whether there is a significant benefit to using multiple layers
of coating to achieve the desired properties, or if a single layer would be
sufficient. The results show two major clusters that are separated by high
bootstrap values (n = 100), indicating that the overall multivariate
characteristics of the coated and the control fabric (either CO or PES) are
significantly different (Fig. 10). This shows the influence of the coating
itself, irrespective of its nature, the number of coating layers (n =1, 2 or
3) or the underlying material. Also, the surface characteristics of the
uncoated materials are rather similar, as they are grouped together on
the same branch. The PFAS-coated fabrics were tightly grouped in close
proximity to multiple bio-based coating layers of the same fabric
showcasing that the developed coatings exhibit highly similar charac-
teristics to the commercial PFAS coating utilized on the same fabric in
the same experiments according to the parameters measured in this
study (resistance to washing, mechanical properties, abrasion resis-
tance, aging of the sample, water absorption, TGA). Although somewhat
surprising, the number of coats exhibited rather minimal influence on
the measured surface characteristics as they were all grouped on the
same branch with respect to the underlying CO or PES fabric. The
smallest differences were observed between the number of coats. Single
and double coating layer on polyester exhibited somewhat more similar
surface characteristics and differed from the triple coating layers of
polyester fabric, whereas for cotton, the main difference was between
the first and all consecutive coating layers (double and triple coats).
Overall, the results clearly show that irrespective of the differences in
the number of coating layers, the overall properties of the developed
coatings are highly similar to the commercially available PFAS coating
utilized in this study. Even more, the approach developed here enables
us to perform multivariate analyses of the coatings therefore utilizing all
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Fig. 10. The figure shows schematic branching of the surface characteristics of
CO and PES fabric covered with single (CO_UP1; PES_UP1), double (CO_UP2;
PES_UP2) or triple coating layers (CO_UP3; PES_UP3), relative to PFAS coated
fabric (CO_PFAS; PES_PFAS) and uncoated controls (CO-C; PES—C). Note the
general similarity between the surface characteristics within each final fabric
branch (CO or PES) relative to uncoated controls.
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available information derived from various laboratory tests. The
developed analytical and statistical platform enables us to perform an-
alyses in a systematic and compatible ways for achieving the technical
requirements, thus supporting the decision making of the industrial
partners.

3. Conclusions

The present study represents a crucial step towards mitigating the
environmental and health risks associated with PFAS, by introducing a
novel, easily scalable solution for hydrophobizing textiles, using
renewable and biodegradable biopolymers. Given the urgent need to
phase out PFAS due to their persistent environmental pollution and
health impacts, in frame of this paper, the application of the developed
bio-based hydrophobic coating was scaled-up from laboratory scale to
pilot scale, demonstrating its practical viability for commercial use. The
coating based on chitosan, OSA-modified starch and ZnO nanoparticles
provides hydrophobicity with WCA's up to 132° on cotton and 126° on
polyester, while not noticeably affecting the hand feel and stiffness of
the samples. Notably, this bio-based coating outperformed the com-
mercial fluorine-containing coatings in terms of abrasion resistance,
while maintaining mechanical strength and stability after washing
comparable to PFAS-coated samples. Additionally, the water-repellent
properties remained stable for at least 230 days, thereby reducing the
need for frequent reapplication. The biodegradation analysis of the
coating formulation proved that the biopolymer component of the film
fully degraded in 8 days, while inorganic residue remained present. The
multivariate statistical analysis showed that the developed bio-based
coatings exhibited highly similar properties to the commercially avail-
able PFAS coating. At the same time, there was no significant difference
between 1, 2 and 3 layers of bio-based coating on textiles, suggesting
that increased number of coating layers did not significantly contribute
to better functional properties. Overall, the study represents a significant
advancement in the field of sustainable textile coatings, providing a
starting point and encouraging further exploration of bio-based mate-
rials for coatings in the textile industry.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.carbpol.2025.123792.
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