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1. Introduction

Hydrophobic and water resistant fish leather:
a fully sustainable combination of discarded
biomass and by-products of the food industry+

Marta Fadda, (2 **® Arkadiusz Zych, (2@ Riccardo Carzino,©
Athanassia Athanassiou (2 ® and Giovanni Perotto (2 *@

The food industry produces a large amount of food byproducts that, when appropriately valorized, can
become a renewable source of sustainable materials. The valorization of these byproducts requires a new
set of green technologies. For example, fish farming, one of the fastest growing sectors, uses only 30% to
40% of the fish as food, with the remaining 60% to 70% being a byproduct. One example of valorization
of fish byproducts is the upcycling of fish skin into leather. This new fish leather has interesting properties,
in part due to its microstructure, but also has new shortcomings like the high hydrophilicity and water
absorption. To mitigate these issues, a water protecting coating was developed using only two other food
byproducts: epoxidized soybean oil and the fatty acid trimer Pripol. These two building blocks were de-
posited on leather and then crosslinked to create a strong network that made leather hydrophobic, with a
water contact angle >120° without the need for fluorine or silicone chemistry or the use of nanoparticles.
The coating was applied via dip-coating and was cured at low temperature as required by fish leather
without the need for initiators, catalysts, which are mostly toxic, or UV light. The same strategy could also
be applied to cotton, showing that its application is not limited only to leather. The coating showed good
adhesion to the substrate and excellent water resistance, making the leather and the cotton hydrophobic
and substantially reducing the water absorption, without changing the breathability, flexibility and micro-
structure of the substrate. This work demonstrates how high performing materials can be created within a
green chemistry and circular economy framework, with results that can be relevant for other textile
materials, contributing to the effort for developing sustainable alternatives for providing hydrophobicity.

material, in particular in fashion.* Leather from fish skin is
more breathable, thinner and stronger than lamb and cow

Nowadays, the fastest growing food production sector is
marine aquaculture,’ where the Atlantic salmon (Salmo salar)
represents 90% of the production.” This fast growth and the
related disposal of increasing quantities of waste generated
upon fish processing are causing serious damage to the
environment and to the ecosystem.® In particular, the skin of
salmon is one of the main wastes of the aquaculture industry
that often remains unused: transforming the unused fish skin
into leather could enable it to become an industry-shifting
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leather, due to the intertwining of its fibers with respect to the
parallel distribution of the fibers in more traditional leathers;
today it represents less than 1% of the global leather sales.
Being a new material, fish leather has a new set of challenges,
some of which are the result of its peculiar structure. Fish skin
and consequently fish leather (FL) are comprised of an inter-
weaving of protein fibers, with collagen being the main com-
ponent. As previously reported, collagen with its triple helical
structure made of three polypeptide chains is the main com-
ponent of the extracellular matrix.” Fibrillar collagen, collagen
type I, is the most common and is organized in fibrils and
fibers, giving support to many parts of the body (e.g. skin,
bones, cartilage, tendons).” Since FL is made of collagen, the
presence of several hydrophilic groups (e.g. amino, carboxyl
and hydroxyl groups) makes it a hydrophilic material very sen-
sitive to water once tanned into leather.® In addition, the fibril-
lary microstructure creates high porosity and surface area, con-
tributing to the enhancement of its wettability properties.”

This journal is © The Royal Society of Chemistry 2024
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Since the leather and fashion industries are aiming to become
more sustainable sectors by reducing their environmental
impact and their use of toxic chemicals,® a new waterproofing
treatment for fish leather should avoid the use of fluorine or
silicone chemistry. In previous years, several solutions have
been proposed in terms of hydrophobic coatings or treatments
for leather even if not specifically for fish leather. For instance,
Serenko et al. proposed fluorine silane as a hydrophobic agent
in ethanol to spray on leather;’ Qiang et al. prepared a poly-
ether organosilicone succinate ester mixed with sulfated neats-
foot oil and oxidized-sulfited fish oil to make a new leather
fatliquor to improve the waterproofing ability of the leather;’
Feng et al developed a polymerized vinyltriethoxysilane
coating deposited on the leather by using a low-pressure and
cold plasma technique increasing the hydrophobicity of the
leather itself;'® Ma et al. sprayed two layers on leather, one
made with polyacrylate emulsion and the other made with
ethanol dispersion of hydrophobic silica nanoparticles.®
However, in the last few years the environmental impact of
materials and processes is becoming more and more relevant,
also in the production of hydrophobic coatings for textiles.
Therefore, researchers and industries are looking for materials
that are greener, more eco-friendly, bio-based, and easier to
recycle or manage once discarded. Therefore, now the market
is demanding not only fluorine-free but also nanoparticle-free
solutions: indeed, the —-CF; harmfulness for the environment
and for human beings has been stated, as well as the fact that
inorganic nanoparticles are not degradable, representing a
problem not only for the environment itself, but also in terms
of recycling and complexity of waste management.'' For this
reason, in this work the development of a fluorine-free, nano-
particle-free and fully sustainable coating to make the FL
hydrophobic has been the main effort.

In this work, FL was obtained by partially tanning with
mimosa extract, in order to increase the bio-based content in
the final material (Fig. 1).

For waterproofing the leather, we aimed at developing a
new material that can be used as a coating using only building
blocks that were obtained from the valorization of food bypro-
ducts. Because of this, epoxidized soybean oil and fatty acid
derived Pripol were used as ingredients. Few previous works
used epoxidized oils and resins to improve the waterproofing
ability of leather. For instance, epoxidized vegetable oils have
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been used during the tanning together with a catalyst in order
to obtain a crosslinked system that comprises the collagen of
the leather and the oil, resulting in a flexible and water-resist-
ant chamois leather (CN101550459B) or salmon leather
(CN101240355A). Soybean oil has been considered because it
is produced in excess in many geographical areas with respect
to its demand for consumption in cooking.'” Furthermore, as
triglyceride, it has unsaturated sites that could be used to
introduce functional and highly chemically reactive groups
such as epoxides, making the epoxidized soybean oil (ESO)."?
Last but not least, ESO has been already used to make water-
resistant materials and coatings for natural films and cell-
ulose-based fabrics. For instance, Ge et al. coated starch-based
films with an acrylated epoxidized soybean oil-based coating
that was crosslinked and polymerized using UV light, obtain-
ing a smooth layer on the top of the starch films, imparting
hydrophobicity and limiting their water absorption.* Miao
et al. fabricated epoxidized soybean oil-based paper compo-
sites, polymerizing the oil directly on the surface and within
the interspaces of the paper cellulose fibers in order to
improve the water resistance of paper.’> In addition, we
propose to use ESO together with a second bio-based building
block: Pripol, a complex mixture of polycarboxylic acids
(mostly trimers and some dimers of fatty acids), that is pro-
duced by coupling reactions of bio-based unsaturated and par-
tially hydrogenated fatty acids (mainly oleic and linoleic).'®
The carboxylic groups of Pripol can react with the epoxide
groups of ESO crosslinking the two liquids and forming a
stable network.'” Previously, a dimer acid was considered to
perform the open-ring reaction of bisphenol-A epoxy resin to
synthesize a UV-curable epoxy acrylate oligomer by Liang
et al.;'® Li et al. prepared a vitrimer elastomer by crosslinking a
commercial glycidylamine epoxy with a vegetable oil-derived
dimer acid using a two-step curing process.’® Since the col-
lagen of leather has several carboxyl groups, this reaction
could occur with the substrate, contributing to good adhesion.
Finally, since Pripol and ESO are fatty acids and thanks to
their long chains, they are expected to provide a good solution
to improve the water resistance of leather.

The crosslinking of the ESO/Pripol coating on FL was evalu-
ated spectroscopically and via quantification of the gel frac-
tion. Water protection was characterized by measuring the
water contact angle and by monitoring its change over time, to

Fig. 1 Photo of salmon fish leather obtained by mimosa and chromium tanning.

This journal is © The Royal Society of Chemistry 2024
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demonstrate the durability of waterproofing. On the other
hand, the breathability and flexibility of the FL before and
after coating were characterized to demonstrate the preser-
vation of these properties. For the first time, three materials,
obtained by valorization of biomass and by-products of the
food industry, were combined to show how a green and circu-
lar approach could be used to obtain high performing
materials.

Last but not least, we showed how these results can trans-
late to more common textile fabrics like cotton, conferring
hydrophobicity and demonstrating the versatility of this green
approach.

2. Materials and methods

2.1. Materials

Epoxidized soybean oil (ESO) (M,, = 950 g mol™"; 4 epoxides
per molecule) was purchased from ATP R&D srl. PRIPOL™
1040-LQ-(GD) (Pripol) (M,, = 830 g mol™'; 2.78 carboxylic acid
groups per molecule) was purchased from Croda. Ethyl acetate
was purchased from Sigma Aldrich. Salmon skin leather
tanned with mimosa extracts was kindly provided by
ViaTalenta Foundation (Switzerland). Deionized water was
obtained from Milli-Q Advantage A10 purification system. All
chemicals were analytical grade and used as received.

2.2. Preparation of the solution

55.7 g of Pripol was mixed with 44.3 g of ESO until complete
homogenization. The final mixture, labeled as PESO, was dis-
solved in ethyl acetate at different concentrations: 1, 5, 10 and
15% (w/w). The solutions were labeled as 1% PESO, 5% PESO,
10% PESO, and 15% PESO, respectively. A summary of the pro-
cedure is shown in Fig. 2A.

2.3. Preparation of coated leather and coated cotton

Fish leather or cotton fabric was cut into pieces (2 cm x 3 cm)
and dip coated in the solutions. The samples were dried at
room temperature in a fume hood for 3 hours until the com-
plete evaporation of the solvent. Afterwards, they were placed
in an oven at 80 °C for 2 weeks for curing. The samples were
labeled as PESO 1, PESO 5, PESO 10, and PESO 15 for coated
FL and PESO 15-CF for coated cotton fabrics. A summary of
the fabrication steps is shown in Fig. 2B. In addition, free
standing films (film) of the coating material were made by
casting 20 mL of 15% PESO solution in a round shaped Teflon
dish with a diameter of 8 cm. The solvent was allowed to evap-
orate under a fume hood and the resulting material was cured
in the oven to give a freestanding material.

2.4. Evaluation of the crosslinking

The crosslinking of the PESO coating was evaluated on 5 cm X
1 cm samples of PESO 1, PESO 5, PESO 10, and PESO 15, and
untreated FL was used as control, as well as 1 cm x 1 cm
pieces of the film. The samples were weighed before and after
the application of the coating to calculate the weight of the
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coating. The crosslinking after curing was evaluated in terms
of gel fraction (GF), representing the amount of sample that
was crosslinked and thus, was not soluble anymore: after
curing, the samples were conditioned at 0% R.H. by using
anhydrous silica gel for 48 hours, and weighed (W;).
Afterwards, the samples were placed in 10 mL of ethyl acetate
for 24 hours, left to dry under a hood for 24 hours, con-
ditioned in 0% R.H. by using anhydrous silica gel and weighed
to obtain W;. By using eqn (1) GF was obtained:

GF(%) = L 100 (1)

1

2.5. Chemical characterization: ATR-FTIR and XPS

Chemical characterization of Pripol, ESO, PESO, film, PESO 1,
PESO 5, PESO 10, PESO 15, and untreated FL was made by
using a single-reflection ATR accessory with a diamond crystal
(MIRacle ATR, Pike Technologies) coupled to an FTIR spectro-
photometer (VERTEX 70v FTIR, Bruker). The spectral region
scanned was 4000-600 cm ™" with a resolution of 4 cm™". The
spectra were normalized to their maximum.

Elemental analysis of PESO 15 and untreated FL’s surface
were investigated by using X-ray photoelectron spectroscopy
(XPS). An electron spectrometer (Lab2, Specs, Berlin, Germany)
equipped with a monochromatic X-ray source (set at 1486 €V)
and a hemispherical energy analyzer (Phoibos, HSA3500,
Specs, Berlin, Germany) was used. The voltage of the Al Ka
X-ray source and the current were set at 13 kV and 8 maA,
respectively. The pressure in the analysis chamber was ~1 x
10~° mbar.

2.6. Water contact angle

Dynamic water contact angles were measured for untreated FL,
PESO 1, PESO 5, PESO 10, PESO 15, film, uncoated cotton
fabric and PESO 15-CF using a contact angle goniometer
(OCA-20 DataPhysics, Instruments GmbH, Filderstadt,
Germany) at room temperature. Deionized water droplets of
10 pL were deposited on the surface and the contact angle was
calculated from the side view with the help of the built-in soft-
ware at specific time points (0, 5, 10, 15, 20, 25, 30, 35 and
40 minutes). Six measurements for each coating were taken to
ensure repeatability. A sheet of polytetrafluoroethylene (PTFE)
was used as a control to exemplify a hydrophobic and non-
absorbent material.

2.7. Water contact angle after water immersion

The evaluation of the preservation of the hydrophobicity of the
coatings after washing with water was done on PESO 15
samples. They were placed in 10 mL of deionized water for
24 hours. Afterwards, they were taken out, and left to dry
under the hood for 24 hours. The contact angle was measured
by using a contact angle goniometer (OCA-20 DataPhysics,
Instruments GmbH, Filderstadt, Germany) at room tempera-
ture, following the same steps described above (section 2.6).

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 (A) Schematic illustration of solution fabrication steps. (B) Schematic illustration of coating fabrication steps: dip-coating, drying and curing
in an oven at 80 °C for two weeks. The photos show PESO 1, PESO 5, PESO 10 and PESO 15 coatings on FL. (C) Schematic illustration of the prepa-
ration of the coatings with the materials involved (ESO, Pripol and FL) with all the involved functional groups and chemical linkages between them
after curing in evidence.
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2.8. Water uptake and water vapor permeability

For the water uptake evaluation, PESO 1, PESO 5, PESO 10,
PESO 15, untreated FL and film specimens (1 cm x 1 cm) were
conditioned at 0% R.H. by using anhydrous silica gel and
weighed by using a sensitive electronic balance (Wyo).
Afterwards, they were placed in a sealed chamber under
different relative humidity conditions (% R.H.), 11, 44, 84 and
100, obtained by using LiCl, K,CO; and KCI saturated saline
solutions and water, respectively. The samples were weighed
after 1 day in the chamber (Wygyo,). The water uptake (WU) was
evaluated by using eqn (2):

_ WRH% — WO"U

WU(%) o

X 100 (2)
where Wryo, is the weight of the samples under different R.H.
conditions and Wy, is the weight of the samples at 0% R.H.
Five samples were tested to ensure the reliability of the
measurement.

The water vapor permeability (WVP) of untreated FL, PESO
1, PESO 5, PESO 10, PESO 15, uncoated cotton fabrics and
PESO 15-CF, was evaluated under 100% relative humidity gra-
dient ARH (%) by following the ASTM E96 standard method.
400 pL of deionized water were placed in the permeation
chambers of 7 mm inner diameter and 10 mm height to
accomplish ARH. Samples were mounted on the top of the
permeation chamber, sealed and placed at 0% R.H. by using
anhydrous silica gel. The chambers were weighed every hour
for 7 consecutive hours by using a sensitive electronic balance
(0.0001 g accuracy) to monitor the transfer of water from the
chamber, through the sample, to the desiccant, evaluating the
water mass loss. The water mass loss was plotted as a function
of time. The slope of each line was calculated by linear
regression. Afterwards, the water vapor transmission rate
(WVTR) was determined by using eqn (3):

__slope

WVTR (g (m?d) ™) "

(3)
where 4 is the area of the sample.

The water vapor permeability (WVP) of the samples was cal-
culated by using eqn (4):

_ WVTR x L x 100

-1
WVP (g (mdPa) ) o % ARH

(4)
where L is the thickness of the sample (m), p; is the saturation
water vapor pressure at 25 °C (Pa). Every measurement was
replicated three times to ensure the reliability of the results.

2.9. Morphological analysis

The microstructure of the surface and cross-section of the
treated and untreated FL, treated and untreated cotton fabric
was investigated by using a Scanning Electron Microscope
(SEM; JSM-6490LA, JEOL, Japan) with 10 kV acceleration
voltage. The samples were previously mounted on a tilted stub,
framed with silver paste, and sputter-coated (Cressington
Sputter Coater — 208 HR) with a 10 nm thick layer of gold.

546 | Green Chem., 2024, 26, 542-555
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2.10. Mechanical characterization

PESO 1, PESO 5, PESO 10, PESO 15 and untreated FL were
tested with uniaxial tension tests on a dual column universal
testing machine (Instron 3365). The samples were cut in dog
bone shape (ten samples were tested for statistical analysis)
with a width of 4 mm and length of 25 mm. They were con-
ditioned at 24 °C and 50% R.H. in a humidity chamber (Espec
SH-262 Environmental Chamber). Displacement was applied
at a rate of 5 mm min~". The Young’s modulus and the elonga-
tion at break were calculated from the stress-strain curves.

2.11. Thermal characterization

Thermogravimetric analysis (TGA) of PESO 15 and untreated
FL was performed by using a TGA Q500 (TA Instruments, USA)
instrument. Measurements were performed by placing the
samples (7 mg) in platinum pans under an inert N, flow
(50 mL min™") in the temperature range from 30 to 800 °C
with a heating rate of 10 °C min™".

3. Results and discussion

3.1. Evaluation of crosslinking

The PESO films and the coated fish leather sample were pre-
pared according to the schematic shown in Fig. 2. Table 1
reports the weights of the coatings of PESO 1, PESO 5, PESO 10
and PESO 15 on FL and their gel fraction (GF). The coating
represents 2, 8, 11, and 22% of the mass of the final material
for PESO 1, PESO 5, PESO 10, and PESO 15, respectively. The
efficacy of the curing step, evaluated in terms of GF, showed
that for all samples it was very high, being always >97%,
demonstrating that the temperature and time used for the
crosslinking were optimal. The GF of the film was high (>92%)
demonstrating the successful crosslinking between Pripol and
ESO. The conjugation between PESO and collagen, which was
expected to happen due to the presence of a large number of
—-COOH and -NH, functions on the surface of the collagen,
could not be evaluated quantitatively.

For the purpose of this paper only building blocks from the
valorization of food byproducts were used, and all results refer
to that, in order to reduce the curing time we studied the
possibility of adding a catalyst. Two catalysts were tested: N,N-
1,1,3,3-tetramethylguanidine and 1-ethylimidazole. As shown
in Fig. S1,T with these catalysts a gel fraction higher than 95%
could be achieved by curing PESO at 80 °C for 48 hours, sig-
nificantly reducing the curing time.

Table 1 Weight (mg) and GF (%) of PESO 1, PESO 5, PESO 10, PESO 15
and film

Sample Weight + s.d. (mg) GF = s.d. (%)
PESO 1 4.7 £0.7 98.1+1.0
PESO 5 19.2 + 3.0 98.9+0.1
PESO 10 301+1.7 97.8+0.2
PESO 15 53.2+2.4 97.3 0.5
Film 220.2+9.1 92.3+1.1

This journal is © The Royal Society of Chemistry 2024
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3.2. Chemical characterization: ATR-FTIR and XPS

To study the crosslinking reaction between the Pripol and
ESO, from the chemical point of view, we used FTIR on the raw
materials, the blend of the two components and a freestanding
film of the cured material (Fig. 3A). As can be noticed, both
Pripol and ESO presented the peaks at 2925 and 2855 cm ™
assigned to the asymmetric and symmetric stretching of CH,,

A
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respectively. These peaks were still visible in PESO and cured
free standing film samples. The peak assigned to the stretch-
ing of C=0 was observable at 1707 cm ™" and at 1741 cm ™" for
Pripol and ESO, respectively, with the difference in the peak
position due to the fact that Pripol has free carboxylic acid
whereas ESO has three ester groups. Comparing this spectral
region before and after curing, it can be noticed how before
the curing the intensity of the free carboxyl was higher,
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(A) ATR-FTIR spectra (from the bottom) of Pripol, ESO, PESO, and film with the characteristic peaks of ESO (blue dotted line) and Pripol (red

dotted line). Red arrows highlight the peaks relative to the epoxy groups of ESO. (B) ATR-FTIR spectra (from the bottom) of untreated FL, PESO 1,
PESO 5, PESO 10 and PESO 15 with all the characteristic peaks of collagen Type I. The reddish bands highlight the peaks at 2925, 2855 and
1741 cm™. (C and D) XPS spectra of C 1s for untreated FL and PESO 15, respectively.
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because of the higher molarity of free -COOH. After curing,
the ester vibration became predominant, because of the reac-
tion between the carboxyl groups of Pripol with the epoxy
groups of ESO, confirming the formation of the crosslinked
network between Pripol and ESO after the curing step. The
peak at 1155 cm™" was assigned to the stretching of C-O and it
was clearly visible in ESO, PESO, and free standing film
spectra, but not in the spectrum of Pripol. Therefore, it was
evident that these groups were part of the molecule of ESO
and they did not take part in the reaction. Finally, in the ESO
spectrum the peak at 823 cm™' relative to the epoxy
groups, highlighted by the red arrows in Fig. 3A, was visible
before curing but not after, as a further demonstration of the
crosslinking reaction of the epoxy groups with the carboxyl
groups of Pripol. All the assignments were done based on ref.
20-22.

To study the substrate and its functional groups involved in
the reaction with the coating material, the FTIR spectra of
untreated and coated FL were acquired and reported in
Fig. 3B. In particular, it shows, from the bottom to the top, the
FTIR spectra of the untreated FL, PESO 1, PESO 5, PESO 10
and PESO 15 samples. All these samples showed the character-
istic peaks and structure of collagen Type I: the peaks at 3300
and 3080 cm™" were assigned to the stretching of N-H and O-
H, respectively, relative to amide A; the peaks at 2925 and
2855 cm™ ' were assigned to the asymmetric and symmetric
stretching of CH,, respectively, relative to amide B; the peaks
at 1645 and 1545 cm™" were assigned to the stretching of CH
(amide I), and to the vibrations on the plane of the N-H bond
and to the stretching of C-N, respectively (amide II); the peaks
at 1450, 1375 and 1337 cm™" were assigned to the asymmetric
bending of CH,, CH; and CH,, respectively, corresponding to
the stereochemistry of the pyrrolidine rings of proline and
hydroxyproline; the peak at 1234 cm™" was assigned to the
stretching of C-N, relative to amide III. All the assignments
were done based on these references.”*>> These spectra
revealed a strong contribution of the substrate, since the
chemical structure of the collagen was still clearly visible after
the application of the coating. An increase in the intensity of
the peaks at 2925 and 2855 cm ™" relative to the CH, vibration
was observed between the untreated and the coated FL,
especially in the FL with most of the coating on it, PESO 15.
These peaks belong to the long CH, chains in the fatty acids
comprising the free standing film sample. As expected, the
higher the amount of the coating on FL, the higher their inten-
sities. The same behavior can be observed for the peak at
1741 cm™, assigned to the stretching of C=0, visible both in
the untreated and coated FL, with an increase in its intensity
with the increase in the amount of the coating on FL.

To further characterize the change in surface chemistry due
to the coating, XPS was used, comparing the untreated and
PESO 15 coated FL. The XPS spectrum relative to the C 1s for
the untreated and coated FL are reported in Fig. 3C and D.
From the analysis of the peak relative to C 1s of the untreated
FL three peaks were found and based on their binding energy
were assigned to C=O (green), C-O (blue) and C-C (red).
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These groups represented the functional groups that were
expected to be found in collagen type I comprising the FL. The
coated sample showed an additional group, O-C=O (in
magenta in the graph) and a slight increase in the intensity of
C-C and C-H peaks. Both changes were signatures of the pres-
ence of the coating, which is rich in O-C=0, C-C and C-H
due to Pripol and ESO.

3.3. Morphological analysis

As the initial step, the FL sample was distinguished in front
and back parts, where the front was relative to the scaly
pattern typical of the fish skin. For this kind of analysis, the
expected fibrous structure of FL was investigated by SEM (see
ESI, Fig. S2t). In Fig. S2A and Bf top-view images relative to
the front are reported. As can be noticed, the surface is
covered in fibers that are not distributed homogeneously and
in a disorganized manner, characterized by random interweav-
ing and entanglement. On the other hand, the investigation of
the back part of the sample (Fig. S2C and D¥) showed a more
organized structure of the fibers. As shown in Fig. 4A-C and
more images in Fig. S2E and F, in the back of the leather and
in the cross section, collagen fibers comprising the leather
were in a well-organized structure, with bundles of fibers with
a preferential orientation and stacked at an angle of about 90°
between layers. Similar results were observed by Wairimu et al.
on the skin of a different type of fish, the Nile perch fish.?
The higher magnifications image, Fig. 4C, of our salmon
leather, showed that the single fibers were organized into
smaller fibrils. This is the typical structure of collagen,?” the
main component of leather that was cross-linked together in
the tanning process. To understand how the microstructure of
the coated FL appeared and if the coating brought some modi-
fications in it, SEM images of the top view and cross-section of
PESO 15-coated FL were acquired with the same magnifi-
cations, as comparisons (Fig. 4D-F). The coated samples
showed no visible changes in the microstructure, confirming a
very thin layer of PESO deposited onto the fibrous leather.
Unfortunately, from these images no information about the
thickness of the coating can be obtained. However, as can be
noticed in Fig. 7D, the SEM image of the cross-section of PESO
15-coated cotton revealed a thin layer (with a thickness that
can be estimated in the 100 nm range) around the cotton
fiber, as highlighted by the red arrow. It can be deduced that
the thickness of the coating around fish leather fibers was
characterized by similar values. To visualize the coating and its
interaction with the substrate, a more concentrated coating
was prepared using a 50 wt% PESO solution in ethyl acetate.
This far more concentrated coating applied on leather
changed significantly some macro-properties of the substrate,
making it darker in color, decreasing its softness and increas-
ing its stiffness. The morphology of this thick coated samples,
as reported in Fig. S31 showed that the multi-layer structure of
the collagen fibers was embedded in the oil-based coating
(Fig. S3A%), explaining the macroscopic change of properties.
Moreover, higher magnifications of the collagen layers,
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revealed how the coating was deposited between each fiber but
not in between the smaller fibrils (Fig. S3B) and its thickness
could be estimated in the ~10 pm range.

3.4. Water contact angle

Fig. 5A reports the water contact angle (WCA) of untreated FL,
PESO 1, PESO 5, PESO 10, PESO 15, film and PTFE after 60
seconds. As can be noticed, while untreated FL presented a
hydrophilic behavior with a WCA of ~80°, each of the coated
FL showed a strong hydrophobic behavior, with a WCA of
~130°. Comparatively, PTFE had a WCA of ~110°. The WCAs
were comparable and outperforming with respect to previous
results obtained for oil-based bio-coatings reported in the state
of the art. For instance, Zhang et al. reported a WCA of ~100°
for the proposed UV-curable polyurethane and castor oil-based
coating;?® Parvathy et al. developed a coating derived from
castor oil based epoxy methyl ricinoleate for paper obtaining a
WCA of up to 97°;*° and Vijayan et al joined a bio-acrylate
linseed oil-based resin with beeswax to develop a coating for
paper in order to improve its barrier properties and to impart
hydrophobic properties, obtaining WCAs of up to 90°.°° This
high WCA of the coated FL, compared to the two reference
samples, can be ascribed to the fibrillary microstructure of the
substrate, and confirmed that the deposited coating was very
thin and did not change the morphology of the substrate but
was rather conformal to it. To confirm this statement the
Cassie-Baxter model was applied on this system (eqn (5)):

cos 6 = o. cos 0. + o, cos 0,

(5)

This journal is © The Royal Society of Chemistry 2024
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(A—C) SEM image of the top view and cross-section of the untreated FL. (D—F) SEM image of the top view and cross-section of PESO 15.

where 6, = 1 — ¢, and 6, = 180°, therefore the eqn (5) becomes
(eqn (6)):

cos @ =oc(cosO. +1) — 1

(6)

As previously reported by Bormashenko et al.*" The fraction
of the coating-liquid interface (¢.) can be considered 1 for the
freestanding film sample, since its surface is flat and therefore
without air pocket. Using eqn (6), the fraction of the interface was
calculated for all coated fish leather, where 6 is the WCA
measured on the sample after 60 seconds, while 0, is the WCA of
the freestanding coating film after 60 seconds. Substituting all
these terms in eqn (6), o, for all the coated fish leather samples
was found to be 0.47, showing how the fibrillary microstructure
of the substrate reduced the contact area with the water droplet.

At the end of this initial study, all the coatings, whatever
the amount of the oils on them, were considered equally func-
tional. However, an initial change in color was noticed with
PESO 15, making the substrate slightly darker. As can be
expected, the color is one of the most appreciable properties
due to the final application in fashion, therefore it was decided
to set this as the higher concentration that could be tested.

To characterize the durability of the improved hydrophobi-
city, WCA was studied for up to 40 min (Fig. 5B). Untreated FL
initially showed a hydrophilic behavior with a WCA of 80°, and
after only one minute there was complete absorption of water.
On the other hand, PESO 15 showed a hydrophobic behavior
that lasted up to 40 minutes with a final WCA of ~100°. The
WCA of the film was ~100° after 60 seconds and decreased to
~80° after 40 minutes, similar to the decreasing trend shown
by the PESO coated samples. The reason for the reduction of
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15, film and PTFE. (C) Water uptake (%) of untreated FL, PESO 1, PESO 5, PESO 10, PESO 15, and film at different %R.H. * ANOVA test for p < 0.05. (D)
WVP (g m~ day™* Pa™}) of untreated FL, PESO 1, PESO 5, PESO 10, and PESO 15. (E-G) Evaluation of the stability of the coating after washing: (E)
soaking of PESO 15 in water, WCA (°) with pictures of the drop at (F) 1 and (G) 40 min.

the WCA with time was examined by comparing the wetting be-
havior of the film sample and PESO 15 with PTFE, a well-known
non-water-absorbing surface. As can be noticed, the behavior of
the WCA of PESO 15 and film is very similar to that of PTFE, so
we can safely assume that the WCA reduction of PESO 15 is
mainly due to the evaporation of water and is not related to the
absorption of water by the FL. In addition, the comparison

550 | Green Chem., 2024, 26, 542-555

between the droplet’s volume and base diameter on PESO 15
and film with those of PTFE (see Fig. S4At) has confirmed
much more the previous statement, also because a similar be-
havior for PTFE has been already reported in the literature.*?
Furthermore, the volume of the droplet absorbed by PESO
1, PESO 5, PESO 10 and PESO 15 during the WCA experiment
was calculated and reported in Fig. S4B.f As can be noted,
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PESO 1 started to absorb water immediately, whereas PESO 5
and PESO 10 protected the FL from the absorption of water up
to 15 minutes. However, PESO 15 was demonstrated to be
water resistant up to 40 minutes, as also demonstrated by the
pictures of the drops at 0, 20 and 40 min.

Using this method to analyze the results for PESO 1, PESO
5, and PESO 10, (Fig. S4C and S4Df), we can conclude that
PESO 1 deposited only a small quantity of coating and did not
provide a sufficient water resistant effect to the leather, while
PESO 5 and PESO 10 maintained their hydrophobicity until 20
and 30 minutes respectively, but they both started to absorb
water after 15 minutes (Fig. S4B+).

This is an interesting result and shows how the combi-
nation of the microstructure and hydrophobicity can be
exploited to create a material that is produced entirely from
the valorization of byproducts, with advanced functional pro-
perties that are comparable to PTFE.

3.5. Water uptake and water vapor permeability

To test if, together with improved hydrophobicity, the coating
could offer protection to FL from moisture absorption,
samples were conditioned at different relative humidities (%
R.H.). Fig. 5C reports the water uptake of untreated FL and
PESO 1, PESO 5, PESO 10, PESO 15, and film sample. As can
be observed, the film sample did not show an increase in
mass, due to its hydrophobic and oil-based nature. Coated and
untreated FL increased in mass when exposed to high relative
humidity, due to moisture absorption, but the coated samples
showed reduced water absorption. For instance, the ANOVA
test (p < 0.05) revealed that at 44 and 84% R.H., two realistic
humidity conditions, PESO 5, PESO 10 and PESO 15 protected
the substrate from moisture, reducing the absorption of water
from 17% to 12% at 84% R.H.

As mentioned, one of the appealing features of FL is its
higher breathability, when compared to cow leather. To ensure
that the coating did not hamper this property, WVP of
untreated FL, PESO 1, PESO 5, PESO 10, and PESO 15 was
measured and the results are reported in Fig. 5D. As can be
noticed, none of the coatings affected the WVP, and conse-
quently, the breathability of the FL. This result was due to the
thin and conformable coating that could be deposited in order
not to change the porosity and the microstructure of the sub-
strate, as discussed before and examined also in section 3.3.

3.6. Preservation of the hydrophobicity after washing and
solvent resistance

One of the requirements for the successful application of FL,
is the perseverance of the coating’s functionality after the
immersion of the samples in water to simulate cleaning or re-
sistance to weather factors such as rain. To study this, PESO 15
samples were fully submerged in 10 mL of MilliQ water (see
Fig. 5E), after which they were dried at ambient temperature
and humidity for 24 hours. The WCA measured after this step,
reported in Fig. 5F (time, 60 seconds) and 5G (time,
40 minutes) showed that the contact angle after 60 seconds
was ~130°, while at 40 minutes it was ~90°, confirming the

This journal is © The Royal Society of Chemistry 2024
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preservation of the hydrophobicity induced by the coating. The
reason for the reduction of the WCA with time was due to the
evaporation of water without absorption from the substrate, as
discussed above. Furthermore, as highlighted by the red
circles around the drops in the pictures, no wicking of water
droplets was observed, confirming the evaporation of water
and the excellent waterproofing of the coated leather. This
result verifies the protective effect of the coating on the FL:
even after immersion for 24 hours in water, the coating was
still adhering to the substrate and it was able to protect it from
water droplets. If the coated FL got wet after a heavy rain, the
coating would continue to protect the leather once dried
again.

The solvent resistance of the coating material (film) against
common solvents such as ethanol, acetone, ethyl acetate and
water was evaluated in terms of gel fraction. As reported in
Table S1 (see the ESIT), the coating showed gel fraction values
greater than 95% for all the solvents tested. This achieved
result demonstrated that the coating could preserve its cross-
linking strength also in the case of successive organic solvents-
based treatments on FL (e.g. dying, finishing) without losing
its functionality, even if, today, most of them are water-based.

3.7. Mechanical characterization

Fig. 6A shows the stress—strain curves of untreated FL, and FL
coated with PESO 1, PESO 5, PESO 10, and PESO 15. The
untreated FL presented the typical trend of collagen fibers®?
with three regions (dotted lines in the graph): toe, heel and
linear. As reported by Gutsmann et al., the toe region is due to
the removal of macroscopic crimps in the collagen fibrils, the
heel region is caused by the reduction of the disorder in the
lateral molecular packing, and the linear region is due to the
stretching of collagen triple helices or of the crosslinks
between helices.>® As can be noticed, PESO 1 presented the
same trend as the untreated FL, therefore, the coating did not
influence the mechanical properties of the substrate. On the
other hand, PESO 5, PESO 10, and PESO 15 showed a new
linear region that we called Linear 1, associated with the
mechanical contribution of the coating, and replaced the toe
and heel regions. In Table 2, the modulus of the Linear 1 and
Linear 2 (referring to the linear region previously cited)
regions are reported for the different samples. As can be
noticed, the moduli of Linear 1 were the same without any sig-
nificant difference (ANOVA test, p < 0.05), confirming that the
Linear 1 region was determined by the coating on the sub-
strate. Similarly, the ANOVA test did not show any significant
difference between the moduli of Linear 2, the region associ-
ated with FL. The mechanical properties of the coating had a
visible impact on the FL, hiding the contribution of the sub-
strate in terms of toe and heel regions, confirming that the
coating was not an on-top layer but stably linked to the fibril-
lary structure of the FL. However, the presence of the Linear 2
region confirmed that the FL maintained its flexibility even in
the presence of the coating. This result was really appreciated
because the FL maintained its workability and softness, two of
the main advantages of the FL over cow leather. This result
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and film.

Table 2 Modulus (MPa) of the two linear regions individuated by the
stress—strain curves of the untreated FL, PESO 1, PESO 5, PESO 10 and
PESO 15. *ANOVA test (p < 0.05)

Linear 1 - modulus + s.d.

Linear 2 - modulus + s.d.

Sample (MPa)* (MPa)*

Untreated — 38.99 + 16.93
PESO 1 — 45.97 + 18.83
PESO 5 55.12 £ 19.45 61.36 + 15.13
PESO 10 51.38 £ 30.06 45.89 + 21.90
PESO 15 55.94 +20.08 41.99 +13.31

was also confirmed by the evaluation of ductility in terms of
elongation at break (Fig. 6B). The ANOVA test (p < 0.05) did
not reveal any significant difference between the samples con-
firming that the coating, in the quantity deposited, did not
change the ductility of the FL but it was determined solely by
the substrate.

3.8. Thermal characterization

The thermal stability of PESO 15 was evaluated and compared
with two controls, untreated FL and film sample, by TGA. The

552 | Green Chem., 2024, 26, 542-555

thermograms and the derivatives of weight loss curves are
reported in Fig. 6C and D. As can be noticed, untreated FL pre-
sented a two steps weight loss. The first peak was at 56 °C and
presented a 10% weight loss due to the loss of structural water
bonds, while the second one was at 315 °C and presented a 60%
weight loss due to the thermal destruction of the polypeptide
chain.?® On the other hand, PESO 15 coated fish leather pre-
sented four thermal peaks. The first two peaks were at the same
temperature as untreated FL, whereas the only difference was in
the 3% weight loss after the first peak compared to the 10%
observed for the untreated FL. This fact might be explained by
the fact that PESO coating reduced moisture absorption protect-
ing the FL from thermal degradation at this early stage and,
therefore, improving its thermal stability. The other two peaks
at 379 °C and 445 °C were associated with the degradation of
the coating as confirmed by the derivative thermogram of the
free standing film, as previously observed for ESO."?

3.9. Application of the coating on cotton

Cotton is the main natural fiber used for textile applications.
Cotton textile is made of cellulose fibers weaved into fabrics.

This journal is © The Royal Society of Chemistry 2024
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Being made of cellulose, cotton has a similar strong inter-
action with water, which is readily absorbed in the material.
While the surface chemistry of FL showed carboxyl, amino and
hydroxyl groups, the surface chemistry of cotton is dominated
by hydroxyl groups. To test the ability of the coating to protect
cotton, and, from the perspective of other cellulose-based
materials, PESO 15 coating was applied on cotton textile. The
same steps to apply and cure the coating developed for FL
were applied on cotton.

The microstructure of the untreated and treated cotton
samples was analyzed by SEM and results are shown in Fig. 7.
As can be noticed in the inset pictures, the coating changed
the color of the cotton from white to yellowish. In spite of this,
no differences in the microstructure of the cotton were visible.
The cross section at low magnification did not show visible
differences, because the coating, as shown in the higher mag-

"~ Carbon: tape
TR - =S o DRI - . o - S .
Treated cotton
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nification in Fig. 7D, is very thin (<100 nm) and conformal to
the single fiber. Therefore it did not alter the microstructure of
the inter-weaved fibers. Since the complex structure of the col-
lagen fibers in FL did not allow us to have clear and precise
imaging, we hypothesize that a microstructure similar to the
one seen for cotton was obtained.

The hydrophobicity of the coated cotton was evaluated by
measuring the WCA and WVP. As expected, untreated cotton
revealed a hydrophilic behavior, while, as can be seen from
Fig. 7E, PESO15 coated cotton, showed a significant hydro-
phobic character with a WCA of around 148°, a value that is
very close to the 150° limit conventionally associated with
superhydrophobicity. Using the model of eqn (6), o for the
cotton was found to be 0.20, a value lower than that of fish
leather, probably due to the lower density of fibers on the
cotton’s surface. Looking at the change of WCA with time, this

X
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0 0 0 O

144° 142° 138°

(A) SEM image of the surface of untreated cotton. Photo of the sample is reported in the top-right corner. (B) SEM image of the surface of

treated cotton. Photo of the sample is reported in the top-right corner. (C) SEM image of the cross section of the treated cotton. (D) SEM image of
the cross section of the treated cotton with x6000 magnification. The red arrows highlight the coating on the cotton fiber. (E) Photos of the water
drop (10 pL) on treated cotton with the value of the respective contact angle every 5 minutes for 25 minutes.
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hydrophobic character was preserved for the first 25 min, with
WCA only slightly decreasing to 138°, while the drop base dia-
meter did not change. As discussed before, this behavior is
associated with water evaporation. At 30 min, the WCA
decreased at 90° and at 35 min it decreased below 90°. In
addition, the volume drastically decreased while the drop base
diameter increased: water was absorbed by the sample.
Therefore, in conclusion, after 25 minutes the water resistance
property of the coating on cotton was lost, compared to the
40 minutes of the treated fish leather. The most probable
explanation for this difference between cotton and FL is based
on the surface chemistry of cotton. As previously demonstrated
by Mazzon et al,* the functional groups on the surface of
cotton are due to the cellulose fibers that show mainly ~-OH
groups, without the carboxylic groups and amines of collagen.
The reactivity of ~-OH groups with the epoxide ring is lower
than carboxyl and amino groups, therefore, during curing,
ESO binds preferentially with the carboxylic groups of Pripol
and a weaker bond with the -OH groups of the cotton is
formed.

In addition, the WVP of the untreated and treated cotton
was evaluated by using the previously described method to
understand if the coating affected the breathability of cotton.
The WVP, resulted in (1.95 + 0.09) x 10™* g (m day Pa)™" and
(2.08 + 0.07) x 10~* g (m*> day Pa)”", for the untreated and
treated cotton, respectively, without any significant difference
between them (ANOVA, p < 0.05), therefore the coating did not
affect the breathability of cotton. A similar behavior on cotton
was previously observed by Mazzon et al., demonstrating that
the presence of a polyurethane coating did not change the per-
meability of the cotton substrate.>®

4. Conclusion

In this work, two by-products of the food industry, epoxidized
soybean oil (ESO) and fatty acid derived Pripol, were con-
sidered as fully sustainable alternatives to fluorine chemistry
and the use of nanoparticles to impart hydrophobicity to a dis-
carded biomass of the food industry, salmon fish skin, which
was valorized as fish leather (FL), with the final aim of fulfill-
ing the requirements of the fashion industry: protecting FL
from water and moisture. Pripol and ESO were combined to
obtain a crosslinked material and were applied as a coating to
improve the wettability properties of the FL. The coating was
deposited by simple dip coating and the crosslinking could be
performed at the low temperatures required by the FL, creating
a strong network with a high gel fraction. The fast water
absorption of FL, individuated as the main drawback in its
application, was overcome thanks to the oil-based coating,
even if its combination with FL not only imparted hydrophobi-
city with WCAs comparable to PTFE, but also maintained this
property during time as demonstrated by monitoring the
WCA. In particular, the PESO 15 coating was demonstrated to
be the most effective in terms of hydrophobicity and durability
of this property. In addition, the coating had a protective effect
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against humidity in particular at realistic R.H. %, between 44
and 84%, decreasing the water uptake of the FL from 17 to
12%. The PESO can be deposited as a thin and conformable
coating, providing water protection without affecting the FL’s
microstructure, and, therefore, its breathability, ductility and
softness, all appealing properties of FL compared to the more
used cow leather. In addition, the coated FL maintained its
hydrophobicity after soaking in water, showing stable water
protection. Finally, the functionality of the coating was
assessed on an alternative textile substrate, such as cotton,
broadening the possibility of application.
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