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valorization

Claudia Cirillo%%>, Mariagrazia luliano?5, Claudia Florio®®¢, Francesca Fierro:?,
Luca Gallucci*?, Gaetano Maffei, Andrea Loi°, Davide Scarpa’? & Maria Sarno®2

A contemporaneous functionalization of leathers and valorization of metal-free tannery waste was
performed by reducing the waste into fine powders through mechanical grinding. The morphology

of the milled wastes constited of fibers with diameters of a few microns (1-3 pm) and below. XRD
analysis of leather powders confirms that even after the milling treatment, the leathers maintain
retains its helical structure. The fibers were added to a finishing ink, and the resulting materials were
characterized from different perspectives. The fibers containing finishing allows for better surface
preservation, due to well-dispersed nanofibers filling the micropores of the coating, thus reducing the
density of defects in the coating itself and improving the rubbing fastness. It should be noted that the
presence of milled leather can impart color to the finished leather without requiring additional dyes.
This approach results in cost-saving, and, more importantly, has positive environmental and ethical
impacts.
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Leather is a unique consumer material with numerous properties'?, including flexibility, softness>*, permeability
to air and water vapor®, excellent hygroscopicity and wearability, coupled with genuine and unique beauty,
etc. Furthermore, it boasts the benefits characteristic of biomass materials, including biodegradability and
exceptional biocompatibility. The manufacturing of leather, which is one of the oldest examples of circular
economy, has been, indeed, one of the earliest activities of mankind, dating back to the Neolithic period!”.
Reports indicate that global leather production reached more than 20 billion square feet in 2020, underlining
the significant potential of the leather industry3!1. On the other hand, with increased impetus on environmental
protection worldwide, wastewater, sludge, and solid waste (up to 30% of processed leathers with a high content
of chemicals) from tanneries have gradually become the three technological bottlenecks for the sustainable
development of the leather industry'?~!%. Furthermore, the production cost of leather increases significantly,
when addressing these eco-environmental issues, making traditional leather manufacturing more challenging.
Although the developments in science and technology have made leather processing cleaner and more eco-
friendly'>1, it is key for leather manufacturing to enhance the value of the products with more competitive and
performing properties along with cost preservation and reduction of wastes and environmental impacts!'’~1.
Therefore, developing a green and easily implementable technology that can allow the recycling of waste
products, typically rich in a lot of different chemicals, together with the introduction of new and fascinating
properties, is a fundamental challenge with the potential to generate significant impacts?’. The leather industry
goes through many stages of processing before taking to the leathers the final form. Finishing, which is the last
stage of leather processing?!, defines the leather’s organoleptic dimension. Some characteristics such as softness,
mechanical strength?, and color®-?¢ are established during tanning, re-tanning, and dyeing. However, it is
during the finishing process that the look and function of the leather are defined, and its surface is both protected
and refined. During chemical finishing, polymeric resins, caseins, waxes, pigments, and dyes are applied to the
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grain of the leather to impart the desired color, give brilliance, texture, and other organoleptic, physical, and
commercial characteristics”’. In general, finishing is a process aimed at improving surface resistance through
some physical properties, fastness to abrasion, resistance to light and heat, etc. of leather products (such as
bags, shoes, jackets, and upholstery leather). In particular, during this process, a homogeneous thin film, often
polymeric, is formed on the leather surface. All these aspects make it a delicate and important phase, requiring
thorough investigation, especially in terms of sustainable research and innovation.

Because of their resistance to hydrolysis, hardness, good adhesion, effective film-forming properties, and
cost-effectiveness, acrylates are as the predominant commercial binders used in the leather industry?®?°. These
acrylic emulsion binders are mainly thermoplastic, characterized by a low glass transition temperature (Tg),
which ensures optimal flexibility during use, along with strong pigment-binding capability®®. Although they
fulfil essential requirements such as resistance to abrasion, chemicals, water, and heat, they still exhibit relatively
low adhesion and only moderate mechanical properties.

Leathers consist of collagen-rich tissues arranged in five hierarchical structures: the primary structure of
amino acids, organized in an a-helix secondary structure, and in triple helix tertiary structure to form fibers
(quaternary structure), in turn, to constitute a supramolecular aggregation®. One of the most explored and
promising approaches to leather waste recycling consists of their use as composite fillers, following the model
used for plant fibers!*132, In these cases, the main challenge lies the compatibilization of the fibers®*!. On the
other hand, considering the fibrous nature of leather, another approach may consist in reducing it into fine
fibers, as close as possible to nanometric dimensions, in order to exploit the properties of one-dimensional (1D)
nanomaterials fibers whose length is significantly greater than their diameter. These structures exhibit a high
surface-to-volume ratio, which is advantageous for integration into the finishing polymer. Proper homogenization
can enable for conferring new properties, e.g. improved mechanical performance. Furthermore, this approach
can be implemented directly within the tannery in a practical and sustainable manner, promoting zero-waste
production and effective waste valorization (see Scheme 1). The resulting materials were then characterized
from multiple perspectives, and an economic evaluation was also conducted to assess the impact of the proposed
recycling strategy.

Experimental

Materials and methods

This paper describes the activities carried out toward innovative and eco-sustainable processes for the
functionalization of leather and the valorization of waste materials. For this purpose, metal-free tannery
waste was reduced to powder by mechanical grinding, avoiding the use of additional chemicals and complex
procedures, and was easily dispersed in water-based finishing ink solutions.

Metal-free tanned leathers were selected not only due to their growing interest and usage in the leather
industry but also for their compatibility with water-based polymer inks. Indeed, the molecules involved in
metal-free tanning, during their interaction with collagen and subsequent polymerization, expose hydrophilic
groups>. The same procedure can also be applied to chrome-tanned leathers, either through direct dispersion in
hydrophobic media or following appropriate functionalization steps.
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Scheme 1. Sustainable reuse of tanned leather waste for circular finishing applications.

Scientific Reports|  202515:18105 | https://doi.org/10.1038/s41598-025-03182-6 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

The resulting nanofibres were thoroughly characterized from a chemical and physical standpoint, and, for
comparison, they were also combined with previously studied and developed nanoparticles, as reported in
Fierro et al.*.

Materials

Leather wastes and polymer inks RP806/19 were used as received by the DMD tanning industry (Solofra, Italy).
The water-based ink RP806/19 is a commercial leather finishing product containing an acrylic polymer binder.
It is transparent and flexible, with good film-forming properties and excellent compatibility with hydrophilic
components such as metal-free leather powder. Further details on the formulation are proprietary.

For the synthesis of the flower-like (FL) nanoparticles (NPs), the following reagents were used: deionized
water, methanol, silver nitrate (AgNO,, Sigma Aldrich>99), titanium isopropoxide (Sigma Aldrich>99.9),
tetraethyl orthosilicate (TEOS, Sigma Aldrich >99%), (3-Aminopropyl)triethoxysilane (APTES), cyclohexane,
ammonia hydroxide, oleic acid, 1,2 hexadecanediol, benzyl ether, ethanol, and other chemicals, which were
acquired from Sigma Aldrich. All chemicals were of analytical grade.

The metal-free tanned dyed crust leathers used in this study are characterized by the presence of hydrophilic
functional groups, such as carboxyl and hydroxyl groups, introduced during the synthetic tanning process.
These functionalities enhance compatibility with water-based systems and facilitate fiber dispersion within the
polymer ink.

Although the majority of leather production waste derives from chrome tanning, we specifically selected
metal-free tanned leather waste due to its increasing use in sustainable tanning practices and its compatibility
with water-based polymer systems. The hydrophilic functional groups exposed by the synthetic tanning agents
facilitate direct dispersion into the finishing ink without the need for additional treatments.

Methods

Methods of preparation

Preparation of the leather fibers The leather waste, provided by DMD Solofra, was first cut into small pieces
of useful dimensions by a blade (5-10 cm in length and 2-3 cm in width). Subsequently, the pieces were fro-
zen in liquid nitrogen and ground using an ultracentrifugal miller (Retsch ZM-200) for 15 min at a speed of
12,000 rpm.

Flower-like nanoparticles Flower-shaped NPs, where “pistil” and “petals” give distinct functions, were pre-
pared, as reported in®*, to take advantage of the different NP properties but also enhancement/amplification of
these properties due to the heterojunctions between nanoparticles.

Preparation of polymer ink films and polymer ink films containing fibers The obtained milled leathers were
dispersed into the water-based finishing ink RP806/19, which contains an acrylic polymer binder based on poly-

acrylonitrile, at a concentration ranging from 10 to 70 mg/mL. The dispersion was carried out under sonication
for 5 min with an ultrasonic tip at 100% power (Hielscher UP400S model). The resulting mixtures were then
used to prepare cast films.

Preparation of polymer inks and finishing procedure ~ The resulting milled leather powders were dispersed into
the water-based ink RP806/19 at concentrations ranging from 10 to 70 mg/mL, using an ultrasonic tip (Hielscher
UP400S model) operated at 100% power for 5 min. A paint spray gun (5 atm), loaded with 10 ml of the finishing
mixture, was used to apply the coating to the leather, ensuring complete surface coverage. The operation was
carried out by a specialized operator, moving the jet on the sample with first horizontal and then vertical move-
ments until the entire areas were covered. This process involved alternating between spray and drying cycles for
a total of four spray passes.

The finishing coat formulation consisted of the water-based acrylic ink RP806/19, into which milled leather
powders (sample D2) were dispersed at concentrations between 10 and 70 mg/mL. 5 mg/mL of flower-like
nanoparticles were added in selected formulations to enhance aesthetic and functional properties. No additional
additives or compatibilizers were necessary.

Characterization

A Hunter colorimeter was used for color measurements (Hunter Lab Color Flex CFLX 45 —2). The color of the
film was expressed as lightness (L*), redness (a*) and yellowness (b*) values. A standard white color plate was
used as a reference to calculate the color difference (AE).

Dry abrasion resistance tests were performed for 1600 cycles, in accordance with the UNI EN ISO 17,704
and ISO 17,076 standards.

Mechanical tests were performed with a PCE-FB TW (PCE Instruments).

For structural and morphological characterization, the following techniques were used: X-ray diffraction
(XRD) measurements were carried out using a Bruker D2 X-ray diffractometer with CuKa radiation. Scanning
Electron Microscope (SEM) images were obtained with a TESCAN-VEGA LMH (230 V), coupled with an
Energy Dispersive X-ray Spectroscopy (EDS) probe. The samples, without any pre-treatment, were covered with
a 50 A thick chromium film using a sputter coater (QUORUM 150 T). For the thermogravimetric studies (TG-
DTG), a TGA 2 (METTLER TOLEDOQO) was used under an air flow at a rate of 10 °C/min.

FT-IR spectra were obtained using a Nicolet iS50 FT-IR spectrometer operating in ATR mode. Samples were
placed on a diamond ATR crystal and data were collected in transmittance mode (%T), with a resolution of
4 cm™ and 32 scans, over the spectral range of 4000-400 cm™.
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Results and discussion

Waste and fiber characterization

The as-received samples are shown in Fig. 1. These are waste from leather processing. Among them, samples D1,
D2, and D3, which were metal-free tanned at different processing stages (as tanned, after color consolidation and
after finishing treatment), were selected for further study. The procedure for powder reduction is illustrated in
Fig. 2, which also includes photographs of the powders obtained after the milling process.

The morphology of the milled D1, D2, and D3 was analyzed by scanning electron microscopy (SEM), as
shown in Fig. 3. The samples consist of fibers organized in bundles, from which straighter segments emerge,
allowing the measurement of diameters in a range of a few microns (1-3 um) and below. Figure 4 presents the
thermal characterization of leather samples before and after milling. The TGA profiles of the leather powders are
generally comparable to those of the corresponding raw wastes. The thermogravimetric curves reveal distinct
stages of weight loss. In particular, the initial weight loss, occurring between 30 °C and 120 °C, is attributed to
the evaporation of water and the release of low molecular weight substances. The two subsequent weight losses,
observed between 120 °C and 380 °C and between 380 °C and 550 °C, correspond to the decomposition of
peptide bonds*>-¢. As shown in Fig. 4a, the weight loss associated with absorbed water, bound water, and small

N ErEre® S RE AP MEEBNTA A RA

Code Origin/Stage

D1 free metal tanning
D2 free metal tanning + dyed retanning
D3 free metal tanning + finished

Fig. 1. Photograph of processing wastes as received from the tannery, at the top. Photos of the distinct
classified materials, at the bottom.
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Fig. 2. Leather powders preparation procedure.

molecular substances is approximately 8% for the D1, D2, and D3 samples. For the milled samples (Fig. 4b),
this value decreases by around 2%, likely due to the volatilization of small molecules and water, as well as partial
degradation of polar functional groups during the grinding process. Notably, the thermogravimetric analysis
revealed a differentiated thermal response between the tanned (D1) and retanned (D2) leather samples, both
before and after milling. In the case of the metal-free tanned leather (D1), the untreated (whole) sample exhibited
higher thermal stability than the corresponding milled form. This decrease in stability can be ascribed to the
greater exposure of collagen fibers to thermal degradation following mechanical disruption, which facilitates
the loss of volatile components and the cleavage of weaker chemical bonds. Conversely, for the retanned leather
(D2), the milled sample displayed enhanced thermal stability compared to its whole counterpart. This improved
stability is likely a result of the higher degree of chemical crosslinking introduced during the retanning process,
which leads to a denser, more thermally resistant molecular network. Furthermore, during milling, the loss of
polar volatile groups and the increased relative content of thermally stable carbonaceous components®’, further
contributing to the enhanced thermal behavior.

Figure 5 shows the FTIR spectra of the as-received samples, and after the milling treatment. The FT-IR spectra
of the leathers, in Fig. 5a, showed vibrational bands around 3295 cm™!, probably due to the combined effect of
the N-H and O-H groups. Furthermore, bands at 2922 cm~! and 2850 cm™! are observed, corresponding to the
asymmetric and symmetric stretching vibrations of C-H groups. The characteristic amide I and II vibrations are
presentat 1623 cm™ and 1556 cm™, respectively. After the milling treatment, the leather powders exhibit slightly
shifted vibrational bands compared to the raw leather. FT-IR of the powders, shown in Fig. 5b, reveals bands at
3300 cm™, 2926 cm™!, 2851 cm™! 1625 cm™! and 1551 cm™!, indicating that the primary molecular structure
of the powders, attributable to collagen, remains intact. Moreover, no new bands were detected in the spectra of
the powders, suggesting that the milling process does not induce chemical modification. The observed shift from
3295 cm™! to 3300 cm™! can be attributed to the transformation of strong hydrogen bonds into weaker ones, as
induced by the mechanical stress of the milling process*.

Leathers are characterized by collagen fibers, which contain triple-helical structures with good orientation
and high crystallinity. The XRD analysis of leather powders after the tanning and finishing processes is shown in
Fig. 6. In XRD spectra, typical features include a peak at 22°, corresponding to the distance between the peptide
chain of the collagen fibers, and a weaker peak around 28°. The presence of these peaks confirms that even after
the triple-helical collagen structure is preserved even after the milling process.

Polymer ink films and polymer ink films containing fiber characterization

Figure 7a, on the left, shows a photo of the “ink+milled D2” (30 mg/mL), as cast and prior to drying, which
highlights the excellent dispersion of the milled leathers within the ink, without the need for additional
compatibilization treatments. The central image (Fig. 7b) shows the cast films obtained using the ink alone
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Fig. 3. SEM images of D1, D2 and D3 after milling.

and the ink loaded with D2 milled powders at a concentration of 70 mg/mL. On the right, Fig. 7c presents
a comparison between leather finished with RP806/19 ink containing dyes (sample D2) and white leather
finished with RP806/19 ink loaded with milled D2 powders (70 mg/mL). It is worth noting that the presence of
milled leather can impart color to the finished leather without the need for additional dyes (see also Table 1). In
contrast, the use of uncolored ground wastes does not confer additional coloration to the finishing ink. The red
coloration visible in Fig. 7b (right) and Fig. 7c results from the use of red-dyed leather waste (sample D2) and
pre-dyed substrate.

Mechanical tests

Additionally, the mechanical properties of the finishing films were evaluated following the incorporation of
D2 fibers. To determine the longitudinal elasticity of each sample, Young’s modulus (E) was calculated based
on the tension (S) and deformation (e) values experienced by the material, as shown in Table 2. Table 2 reveals
a notable increase in the E modulus after the fibers were incorporated, indicating an overall improvement in
mechanical performance. The observed improvement in mechanical properties, despite the low fiber loading
(10-30 mg/mL), can be attributed to the fine dispersion and high specific surface area of the milled leather fibers.
These fibers interact effectively with the polymer matrix, reinforcing the film structure by filling micropores and
reducing defect density.

TG-DTG characterization

Figure 8 shows the TG-DTG profiles of RP806/19 polymer film and RP806/19 polymer ink film containing
milled D2 powders. The RP806/19 profile exhibits an initial weight loss of approximately 80 wt% before 200 °C,
attributed to the evaporation of absorbed water. This is followed by a second weight loss, with an endset at
410 °C and a residue of about 0%. The profile of RP806/19 film containing milled D2 fibers shows a lower water
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Fig. 4. TG-DTG analysis of leathers before (a) and after (b) the leather milling.

content and enhanced thermal stability, as indicated by the shifted endset temperature of the main degradation
step, occurring between 200 °C and 430 °C. An additional weight loss is observed at higher temperatures, likely
due to the presence of the added fibers. The final residue, about 2%, observed in the TGA analysis of the film
containing D2 fibers, is attributed to residual inorganic components present in the D2 leather powders. These
may originate from industrial additives or pigments used during the wet-finishing or dyeing processes, despite
the leather being metal-free tanned.

Analysis of the product characteristics and performance of the finished leather
The comparative analysis of the spectroscopic profiles acquired by ATR-IR of a leather sample finished with the
acrylic-based product RP 806/19 only (blue profile) and a sample finished with RP 806/19 containing D2 powders
(10 mg/ml) (green profile) highlights the presence, in the latter, not only of the characteristic polyacrylonitrile-
based signals but also of additional bands associated with the D2 leather powders (Fig. 9).

The comparative examination of the sections from goat leather finished with RP 806/19 and with RP
806/19 containing D2 powders (10 mg/ml), carried out via optical microscopy, demonstrates the ability of the
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Fig. 5. FT-IR of D1, D2, D3 before (a) and after (b) milling.

composite system to form thin films with an average thickness of approximately 20 pm (ranging from 18 to
22 pm), well adhered to the leather surface (Fig. 10). As shown in Fig. 11, the presence of waste powders in the
finishing formulation contributes to preserving the natural appearance of the leather surface, maintaining all
typical morphological features of the grain. This is evident in Fig. 11a and c (first row), and 11d (first row). In
particular, the surface treated with D2 fibers appears more homogeneous and glossy, while still retaining the
original texture, such as visible hair follicles and the natural grain structure. Lastly, dry abrasion resistance tests
(1600 cycles) according to UNI EN ISO 17,704 standard show that the finishing layer containing waste fibers
helps preserve the surface integrity. Leather samples finished without D2 (Fig. 11c, second row) exhibit large
abraded areas at 16X magnification, which are not present in samples treated with D2 powders (Fig. 11d, second
row). Further magnified images (third row, Fig. 11c and d) reveal more pronounced abrasion marks on the
polymer-only samples. These improvements are likely due to the presence of well-dispersed nanofibers within
the finishing layer, which fill the micropores of the polymer coating, reduce defect density, and improve rubbing
fastness.

Figure 11b shows an image of a leather surface finished with RP 806/19 containing both D2 fibers and
flower-like nanoparticles*. The surface appears even more refined in terms of morphology and aesthetics,
likely due to the LSPR (localized surface plasmon resonance) effect of the NPs, which may also benefit from
the other properties, given by these particles, as described in the experimental section. The top coat appeared
homogeneous and brilliant, as confirmed by optical microscopy (Fig. 11) and visual inspection. This enhanced
surface quality was also supported by the organoleptic evaluation (Table 3), where samples finished with fiber-
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Fig. 6. XRD spectra of the D1, D2, and D3 after milling.
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Fig. 7. Photos of: as casted milled D2 in RP806/19 solution (a); film of polymer ink RP 806/19 and polymer
ink containing milled D2 powders (b); a leather finished with RP806/19 and with milled D2 in RP806/19 (c).

Samples L* a* B* AE
As-received D2 61.4+0.15 | 7.2+£0.07 | 9.72+0.16 | 3.08£0.85
White leather finished with milled D2 RP806/19 | 60.7+0.15 | 5.9+0.11 | 9.12+0.16 | 3.01+0.42

Table 1. Films color comparison: traditional finishing and fibres contained finishing. The asterisk serves to
distinguish these chromatic axes from ordinary letters, highlighting that they are standardizedvalues in a
specific color space. It does not have a mathematical value, but is a typographic convention used toindicate that
these are Lab coordinates, rather than generic ones.

containing formulations received higher scores in terms of overall appearance and uniformity. This, ultimately,
suggests considering the addition of well-dispersible organic, including waste, and eventually small quantities of
inorganic materials with specific properties, in finishing polymers, for innovative products capable of supporting
the competitiveness of the tanning industry. To complement the analytical and morphological characterizations,
a qualitative organoleptic evaluation was carried out by five experienced tanners. The assessment focused on
four key parameters: texture, flexibility, fullness, and overall appearance, with scores assigned on a scale from
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Samples Sy (Pa) g (%) S, (Pa) g, (%) | E=c/e (GPa)
Polymer film 8.18E+07 | 9.09+1.9 | 1.81E+08 |>100 |0.91+0.19

Polymer film containing

D2 (10 mg/mL) 1.30E+08 | 6.90+0.3 | 2.97E+08 | >100 | 1.89+0.19

Polymer film containing

D2 (30 mg/mL) 2.06E+08 | 5.10£0.4 | 12.99E+08 | >100 | 4.05+0.32

Table 2. Mechanical properties of the films.
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Fig. 8. TG-DTG analysis of RP 806/19 polymer film and RP806/19 polymer ink containing milled D2
powders.

1 (poor) to 5 (excellent). The results, averaged across all evaluators, are presented in Table 3. This evaluation
confirms that the leathers finished with D2 fibers show enhanced tactile and visual quality compared to the
control. In particular, the treated samples were perceived as more uniform in appearance, fuller, and softer,
which are highly desirable characteristics in commercial leather products.

Furthermore, abrasion resistance tests in accordance with ISO 17,076 were carried out (Table 4), confirming
that the incorporation of D2 fibers improves the mechanical resistance of the finishing layer, as shown by smaller
differences in grey scale values. An analysis was also carried out to evaluate the possibility of finishing film
thickness reduction at the same performances, observing that it is possible to reduce the thickness by 20%
without compromising the durability and quality of the finish, compared to that obtained with the ink alone.

Analysis and economic evaluation

An economic evaluation was also carried out, not because the cost of waste disposal is particularly significant, as
the impact is mainly environmental and ethical, but rather to assess the impact of the proposed recycling, which
involves freezing/grinding and sonication steps.

For example, Table 5 presents data on the quantity of leather waste produced by a tannery processing 900,000
leathers annually (year 2022, DMD-Solofra Italy). In particular, the analysis aimed at a quantitative assessment
of waste reuse in the finishing phase. Based on the data reported in the middle rows of Table 5, the amount of
waste that can be reused for finishing all the produced leathers was calculated. As a result, the entire annual waste
could therefore be completely reused, in accordance with the principles of the circular economy, thus avoiding
solid waste disposal.

An economic comparison between waste recovery and disposal was also performed. Assuming a working
year of 220 days and 8-hour shifts, the total annual disposal cost was estimated (Table 5, lower row). On the other
hand, Table 6 provide an evaluation of the costs related to the milling and sonication operations, to which the
cost of liquid nitrogen must be added. Based on experimental data and time requirements, an average amount
of 0.1 L of nitrogen per kg of waste would be needed, resulting in 834 L per year. At a cost of 0.61 €/L, this
corresponds to 509 €/year. Moreover, as highlighted in the last column of Table 6, this advantageous economic
evaluation is further supported by the possibility of reducing the thickness of the finishing layer, thanks to
improved mechanical performance, which leads to additional savings in finishing chemical products.
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Fig. 9. Overlay of the spectroscopic profiles (ATR-IR) of a leather sample finished with the acrylic-based
product RP 806/19 only (blue profile); and, of a sample finished with RP 806/19 containing D2 powders
(10 mg/ml) (green profile).

Conclusion
Leather waste was characterized before and after milling. The ultracentrifugal milling technique, as a mechanical
treatment, does not require the use of chemical reagents and allows the leather to be reduced into powdered
fibers. This approach avoids time-consuming and costly separation and purification steps. The chemical/
physical characterization of the powdered fibers highlights the preservation of the collagen structure after
milling. The fibers, whose size ranges between a few microns and a few hundred nanometers, according to
SEM characterization, can be easily dispersed in water-based finishing inks without further modifications,
thanks to residual hydrophilic functional groups present on the collagen fibers following metal-free tanning.
The easy dispersion of the fibers in finishing inks is confirmed by the formation of homogeneous polymer films,
which exihibit improved mechanical and thermal properties, as well as interesting color characteristics. The
comparative examination of finishing performed with ink alone and fibers-loaded ink highlights the ability of
the composite material to form thin, continuous films in close contact with the leather surface. The addition
of fibers during the finishing phase further enhanced the aesthetic and morphological quality of the surfaces,
which were found to be more homogeneous and brilliant, while retaining all the original characteristics of the
natural leather grain, commonly known as the “flower” in the leather industry, such as visible hair follicles and
the original dermal texture. Leathers finished with ink alone, already at 16X magnification, show evident large
abraded areas, which are absent in sample finished in presence of the fibers. The economic evaluation results
are advantageous, especially considering the possibility of reducing the finishing thickness, due to the improved
mechanical performance, which implies a reduction in the cost of chemicals used in finishing.

Overall, our findings suggest considering the addition of well-dispersible organic materials, including
waste, and small quantities of inorganic materials with specific properties, into finishing polymers, to develop
innovative products capable of enhancing the competitiveness of the tanning industry.
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Fig. 10. Sections of a goat skin finished with RP 806/19 (a), and with RP 806/19 containing D2 powders
(10 mg/ml) (b).
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Fig. 11. Leather before finishing (a); finished leather with RP 806/19 containing D2 (10 mg/mL) and FL
nanoparticles (5 mg/mL) (b); finished leather with RP 806/19 before (1st line at 16X) and after (2nd line at 16X
and 3th line 40X) 1600 abrasion cycles (c); finished leather with RP 806/19 containing D2 (10 mg/mL), before
(Ist line at 16X) and after (2nd line at 16X and 3th line 40X) 1600 abrasion cycles (d).
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Sample Texture (1-5) | Flexibility (1-5) | Fullness (1-5) | Overall appearance (1-5)
Control (RP806/19 only) 3.6+0.5 3.4+0.6 32+£04 3.5£0.5
Treated (RP806/19 + D2 fibers) | 4.4+0.4 4.2+0.5 43+0.3 4.6+0.4

Table 3. Organoleptic assessment of leather samples (average + standard deviation, n=5). Scale: 1 (poor) to 5

(excellent).
Sample Gray scale chromatic difference between the various grey pairs at time 0 and after 100 cycles*
RP 806/19 3
RP 806/19 containing D2 powders (10 mg/ml) | 4

Table 4. Abrasion resistance tests (ISO 17076). *1 =significant variation (worst rating) and 5=no variation

(best rating).
Type of waste | Description (kg/year) | (€/kg) for disposal
CER 04.01.08 | Leather scraps: crust +simple finishing 8340 1.85
Product: number of leathers 900,000
Surface area of one leather 0.54 m?
Square meter of leathers produced in 2022 486,000 m?
Leather waste in 500 ml®, [mg/mL] | Leather waste for finishing of a one leather surface, (g) | Leather waste for finishing of one year production (kg)
10 5 4500
50 25 22,500
70 35 31,500
100 50 90,000
Leather waste, | Leather waste, | (€/kg) Disposal costs,
(Kg/year) (kg/day) Average | (€,year)
8340 38 1.85 1,5429.00

Table 5. Leather waste referring to the year 2022. Disposal cost evaluation, year 2022. 9250 mL water and 250

mL finishing ink
Miller consumption, (KW) | Gross cost of electricity®, [€/kWh] | Electricity cost, (€/h) | Electricity cost per day, (€) (4h) | Waste/day, (kg) | (€, year)
1.3 0.3273 0.42 1.3 100 283.00
Electricity cost,
Sonication consumption, (KW) | Gross cost of electricity®, (€/kWh) | (€/h) Electricity cost per day, (€) | (€, year)
0.4 0.3273 0.13 1.04 228.00

Table 6. Ultracentrifugal miller costs (Retsch ZM 200). Sonication dispersion costs. @https://luce-gas.it/busine
ss/offerte/costo-kwh-aziende.

Data availability

The datasets used and/or analysed during the current study available from the corresponding author on reason-

able request.
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