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Comparative characterization of
leather from different tanning
processes as a contribution for a
sustainable development of the
leather industry

Sara Ferraris'”, Francesca Gamna?, Thomas Luxbacher?, Giacomo Maculotti3,
Lorenzo Giorio?, Jasurkhuja Kholkhujaev?, Gianfranco Genta3, Maurizio Galetto?,
Andrea Sarnataro*, Marco Nogarole* & Claudia Florio*

Leather is a fully biobased material (100% biodegradable organic material, with collagen as the main
constituent), derived from food industry byproducts (animal skin from butchery), which represents an
excellence for the Italian industry (in the last years the production value reached 4.6 billion euros and
an export of 3.2 billion euros) and a highly sustainable material. However, its production is still strongly
handicraft, traditional and unfortunately based on the employment of toxic chemicals, such as
chromium and glutaraldehyde. A deep knowledge of the tanning process and of the specific features of
leather coming from different processing routes is crucial for the design and development of innovation
in the field for a more sustainable and knowledge-based production. In this contest, the impact of
tanning process on the surface reactivity of leather plays a crucial role. In the present research well
established characterizations (optical microscopy, shrinkage temperature, wettability, metal content,
infrared spectroscopy and X-ray diffraction) and new and unconventional methods for the leather

field (surface topography, instrumented indentation and zeta potential electrokinetic measurements)
were applied and optimized for the characterization of leather samples from traditional (e.g. Chrome
and Glutaraldehyde) and innovative (e.g. vegetable, carbamoyl sulphate, starch, aluminum, zeolite,
triazine and Olive Mill Wastewaters -OMW) tanning processes. The suitability of the characterization
protocol for the in-depth investigation and comparison of leather samples from different processing
has been demonstrated highlighting its applicability for a knowledge-based innovation in the leather
field.

Keywords Leather, Surface characterization, Zeta potential, Instrumented indentation, tanning

Leather represents one of the Italian excellences and is a product of small to medium size tanning industries
characterized by the combination of high technological process and strong handicraft creativity'.

Italian tanning industry counts 1146 companies with 18,030 employees for 110 million square meters of
finished leather with a production value of 4.6 billion euros and an export of 3.2 billion euros in 20222

Leather is a fully bio-based material (100% biodegradable organic material, with collagen as the main
constituent) derived from food industry byproducts and recovered by tanneries’. In this sense it represents a
more sustainable and green material compared to synthetic polymers derived from fossil sources. However,
tanning industry is still based on the use of toxic reagents, such as chromium salts or glutaraldehyde, at the basis
of conventional tanning processes, and innovation actions should be made in order to substitute these auxiliary
agents with more environmentally friendly ones.

The sustainable management of leather waste and the valorisation of collagen obtained from these by-products
have gained increasing interest. Several studies have demonstrated that collagen can be efficiently extracted from
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deteriorated leather artifacts’, raw hide trimmings® and solid waste from the leather industry® making it a valuable
raw material for biomedical, pharmaceutical, and cosmetic applications. The extraction of collagen from waste
leather production not only contributes to circular economy models but also helps in reducing environmental
impact by minimizing solid waste disposal. For instance, optimized methods for collagen extraction from raw
hide trimmings have resulted in high-value products such as gelatin and collagen hydrolysate, which are widely
used in various industries*®’. Furthermore, research has demonstrated that collagen extracted from leather
production waste can form hydrogels suitable for biomedical applications, highlighting its potential in tissue
engineering and regenerative medicine®.

The change of tanning agents can have an impact on the whole tanning process, which needs to be deeply
investigated in order to guarantee the expected performances of the final leather. Moreover, the continuous
search for alternative tanning systems, to ensure growing levels of sustainability and biodegradability, may cause
novel technical challenges and novel categories of leather defects, which have to be known and avoided in the
innovation and optimization of the tanning process®.

Recent research has increasingly focused on the development of more sustainable tanning methods, driven by
the need to reduce the environmental impact of conventional processes, particularly those involving hazardous
chemicals’. The introduction of alternative tanning agents, such as plant-derived compounds and enzymatic
treatments, mineral-based tanning agents aims to improve biodegradability and lower pollution levels'®-14.
Furthermore, advancements in cleaner production strategies emphasize the reduction of waste and resource
consumption, aligning with global efforts towards more environmentally responsible leather manufacturing®.

Therefore, in order to guarantee the high-quality performance of leather, compared with alternative emerging
materials, a strict monitoring of the most crucial parameters of the production phases and the deriving surface
and bulk properties of the material is of mandatory importance. Ensuring a balance between innovation and
performance remains essential to overcoming the technical challenges associated with novel tanning approaches
11

Scanning Electron Microscopy equipped with Energy Dispersive Spectroscopy (SEM-EDS), Infrared
Spectroscopy (IR), Gas Chromatography (GC), X-ray fluorescence (XRF), differential scanning calorimetry
and thermogravimetry (DSC/TG) were used as analytical techniques mainly for the investigation of leather
defects'™>17,

The zeta potential is a powerful parameter for the investigation of functional groups, acid/basic behavior,
colloidal stability of materials for catalysisls, electrophoretic deposition, water purification, food, textiles,
cosmetic, lubricant, nanotechnology, medicine!® and biomaterials applications?2!.

Electrophoretic measurements of zeta potential are the most diffused and applied for the evaluation of
colloidal stability of suspensions, nanoparticles and catalysts??. However, streaming potential measurements
are now getting increasing interest for the evaluation of isoelectric point and zeta potential of bulk materials in
many application fields?.

Some papers concerning the isoelectric points of leathers after different processing can be found in the
scientific literature, but few of them report an in-depth discussion on the whole pH titration curve, confirming
the necessity of proper measurement design and optimization in the leather field?.

In fact, isoelectric point and surface charge in function of pH (titration curve) of leathers can give indications
of the functional groups exposed by the material surface at different stage of processing, as well as after tanning
with different products. These studies can give an in-depth investigation of the tanning process and the basis for
tanning innovation.

Surface topography quality is of utmost relevance to assess the quality leather. Many sectors, e.g. premium
or automotive, require strict tolerances of surface defects (in size and extension), and overall homogeneity of
the manufactured leather products. These, can be due to ante- and post-mortem marks which can affect the
overall aesthetic appearance?®3? while altering tactile and mechanical properties®! of the product. Accordingly,
qualitative® and quantitative’! inspections are commonly reported to evaluate the quality of tanned products.
The former is typically carried out by cameras®, while the other require surface topography measuring
instruments"¥2, that enable the evaluation of surface topography parameters*. Such evaluations are essential
to provide design tolerances and objective evaluation methods of raw and processed materials. Tanning process
of hides and skins to produce leather can relieve such defects, thus improving overall aesthetic, tactile and
mechanical quality of the product. The latter is strongly affected by geometrical, i.e. topographical, singularities
which can act as notches liable of reducing the mechanical strength, conventionally evaluated by tensile tests on
ad-hoc shaped specimens*~3, However, other alternatives to estimate the mechanical response, which are faster
and require less sample preparation are available in the literature, i.e. instrumented indentation test (IIT), but are
unreported for leather. IIT is a non-conventional depth-sensing hardness test allowing the evaluation of estimate
of the Young modulus, hardness, creep and relaxation of materials®~%.

In the present research some conventional techniques, such as evaluation of the shrinkage temperature and
metal content, contact angle measurements, Fourier Transformed Infrared spectroscopy, X-Ray Diffraction,
surface topography characterization and some new approaches, such as instrumented indentation test and
zeta potential streaming potential measurements have been applied to leather samples to obtain an thorough
characterization and comparison of materials from traditional (e.g. Chrome and Glutaraldehyde) and innovative
(e.g. vegetable, starch and Olive Mill Wastewaters -OMW) tanning processes, which is currently missing in the
literature. The explored techniques aim to highlight differences among the different tanned leathers, correlate
these differences with the tanning mechanism, predict and optimize the results of innovative processing.

In fact, tanning process is based on collagen crosslinking exploiting the reaction between tanning agent
and collagen functional groups. The investigation of functional groups exposed in the tanned leather gives
information about the groups exploited in tanning. Moreover, investigations related to collagen structure and
leather stability are related to the effectiveness of the tanning mechanism.

24-27
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An in-depth characterization of alternative tanning technologies, with reduced employment of toxic
agents such as chromium or glutaraldehyde or based on molecules derived from byproducts, allows a critical
comparison among the technique and also the optimization of innovative procedures to obtain leather products
with the same quality of traditional ones but with lower environmental impact.

Among the alternatives in the literature®’, demonstrated the use of innovative and environmentally friendly
tanning agents such as B-cyclodextrin-based tanning agents, which show excellent results in terms of retraction
temperature and xeno-test resistance. The work of Hao et al.*! studied other organic-based tanning agents such as
1,3,5-tris(hydroxyethyl)-s-triazine, which, in addition to a very competitive shrinkage temperature, also exhibits
interesting antimicrobial properties. Wang et al.*? obtained innovative tanning agents with a soluble starch base,
and also achieved excellent shrinkage temperature and high resistance to yellowing. Hao et al.** showed how the
use of ethylene glycidyl ether grafted with dialdehydic maize starch in tanning resulted in an innovative tanning
agent with excellent physical properties, superior to those of other commercial chrome-free tanning agents such
as F-90. Several works?>%-46 considered the functionalization of collagen extracts from waste from the tanning
industry to obtain a tanning agent and optimize the circular process.

The presence of these numerous studies in the literature demonstrates the importance of active research to
find chrome-free alternatives for more environmentally friendly tanning.

Materials and methods
Leather samples
The following intermediate leather samples in the wet state were considered:

Cr_wet: tanned bovine leather—chrome based tanning.

GLU_wet: tanned bovine leather—glutaraldehyde based tanning.

VEG_wet: tanned bovine leather—vegetable tanning.

Carb Sulph_wet: tanned bovine leather—carbamoyl sulphonate based tanning.

Starch_wet: tanned bovine leather—dialdehyde starch-based tanning.

Al_wet: tanned bovine leather—aluminum salts-based tanning.

Zeo_wet: tanned bovine leather—modified zeolite A-based tanning.

OMW _wet: tanned bovine leather—polyphenols from Olive Mill Wastewaters—based tanning.
Tria_wet: tanned bovine leather—triazine-based tanning.

O PN WD

The first three samples have been considered as reference materials obtained using traditional tanning agents, for
the optimization of the measurement setup and for the comparison with innovative and sustainable materials.
Samples 4-9 can be considered as example of innovative tanning processes to evaluate the ability of the proposed
techniques to properly highlight differences among these typologies of materials.

Since triazine based tanning process are actually often limited to the processing of ovine leather and require
specific finishing routes, traditional characterizations (shrinkage temperature, metal content, wettability and
optical microscopy) have not been applied to this sample in the present research. This tanning can be considered
as non-traditional but quite old and tested to be included among the most innovative. On the other hand, more
innovative characterizations have instead been considered in order to better highlight the ability of proposed
methodologies to investigate leather from different tanning processes and all the available tannings have been
explored to make the test more solid.

Shrinkage temperature
In leather technology, shrinkage temperature (Ts) it is a parameter indicative of hydrothermal stability of leather
and is widely used to compare the capability of different tanning agents to stabilize derma structure.

Ts values of the above described samples, have been evaluated according to the official test method to assess
the shrinkage temperature of leather, described into the standard ISO 3380:2015 (IULTCS/IUP 16)*’: that a
rectangular sample is immersed in a vessel fixed in iso-strain conditions in a specimen holder at a temperature
ramp of 2 °C+0,2 °C from room temperature till boiling. One clamp of the holder is moveable and connected
with a dial comparator that measures the reciprocal movement of clamps with an accuracy of 0,15 mm. When
shrinkage occurs, the index moves, and the temperature that correspond to a contraction equal to 0,3% is noted,
indicating the hydrothermal stability of the samples.

Metal content

The metal content was determined in accordance with ISO 17072-2:2022, after acid digestion of the leather
samples and analysis of the extracted solution using an inductively coupled plasma mass spectrometer (ICP-
MS), Thermo Fisher ICAPRQ. For the preparation, in accordance with ISO 4044, the leather samples to be
tested, if wet, are first dried in an oven at 50 °C, then approximately 1 g is weighed and 10 ml to 20 ml of a mix
of acids are added composed of H,S0,, HNO, and HCIO ¢ it is left to react in the digester until digestion is
complete; then it is cooled and re-dissolved with H,0ina flask to 100 ml. In order to monitor any contaminants,
before each sample sequence, the ternary acid solution used, which is identified as blank, is analyzed in the same
way as the samples. Once the instrumental parameters have been set, the samples are compared with solutions
of metals of known concentration.

Wettability

The wettability of the sample surface was estimated by measuring the contact angle, according to the ASTM
standard Test Method for Surface Wettability D 724-99*, using a FIBRO System AB - Mod. PGX Pocket
Goniometer. Contact angle has been evaluated dynamically, within 0 and 10 s from the impact of water drops,
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having a volume of about 2 pl, on leather surface; the evaluation of the contact angle in dynamic mode, together
with the measurement of the variation over time of other parameters of the micro-droplet (such as its volume,
base and height), allows to effectively evaluate the dynamics of water absorption and other liquids from the
leather surface®®-2.

Fourier transformed infrared spectroscopy in attenuated total reflectance (FTIR-ATR)

The main chemical groups and eventual effects of processing and drying were evaluated by means of Fourier
Transformed Infrared Spectroscopy in Attenuated Total Reflectance mode (FTIR-ATR, Nicolet iS50 FTIR
Spectrometer, Thermo Scientific, USA).

X-ray diffraction

X-Ray Diffraction (XRD) was used in order to characterize the effect of tanning on collagen structure.
Measurements were performed in Bragg-Brentano configuration (XRD - PANalytical X’Pert Pro PW 3040160
Philips, Malvern Panalytical, Egham, United Kingdom) and the patterns were analyzed by XPERT High Score
software.

Topographical characterization
Surface topography has been qualitatively investigated by optical microscopy, and quantitatively at different scale
by SEM, at nano scale, and by topographical microscope, at micro scale.

The surface and cross section of the samples were analyzed through an SPZ 10 Optika stereomicroscope,
which allows working with reflected and transmitted light; the cross sections were obtained with the use of a
blade and, where necessary, with the aid of a microtome, which allows obtaining transversal sections with a
thickness of 30 um, which are placed on a glass slide for subsequent observation.

Topographical quantitative characterization was carried out in the DIGEP Min4Lab facilities in a metrological
room (controlled temperature 20 °C+ 1 °C) by means of a state-of-the-art Coherence Scanning Interferometer
NewView™ 9000 by Zygo>*>4. The instrument was equipped with a 5.5x objective with Numerical Aperture
of 0.15, a Field-of-View (FoV) of (1.56 x1.56) mm and a squared pixel of 1.56 pm side, and a measurement
uncertainty of 10 nm>>*°. Each of the 9 samples was measured in at least 5 different randomly selected locations,
each of whom was independently characterized to provide replications. The quantitative characterization has
been carried out as per relevant standard, namely ISO 25178-2% and ISO 25178-3% by means of the software
MountainsLab v8. Specifically, the Scale Limited surface (SL-Surface) was characterized, applying S-filter, for
noise removal and bandwidth matching®®, and the L-filter, for waviness elimination, as robust Gaussian filters®
with nesting index of 5 um and 500 pum, respectively®’. Both filters have been applied after the correction of
planarity by means of the application of a least-square plane form correction by a F-operator. Both field and
features parameters have been evaluated. The considered areal field parameters are height parameters, describing
the average (Sa), standard deviation (Sq) and the third and fourth statistical moment of the height distribution,
i.e. the Skewness Ssk and the Kurtosis Sku. Additionally, the maximum peak height, Sp, and the maximum
pit depth, Sv, both evaluated with respect to the mean plane, have been reported, along with their sum, i.e.
the maximum height Sz = Sp + Sv. Furthermore, the areal field parameters describing topographic
autocorrelation, i.e. the autocorrelation length Sal and the texture aspect ratio Str have been reported. These,
respectively, represent how fast the topographic height autocorrelation function decays, conventionally values
smaller than 0.2% indicates a-periodic surface, and if such spatial correlation has any preferential orientation,
thus informing on the topographic isotropy, conventionally for Str > 50%%. The field hybrid parameters
describing the root mean square gradient (Sdq) of the topography, and developed interfacial area ratio (Srd)
have been assessed to describe, respectively, how quickly the topography changes and the relative extent of the
texture with respect to the evaluation area. Last, features have been characterized. In particular, dales, which can
be linked to skin pores have been identified by watershed segmentation, and quantitatively estimated in terms

of the average areal extension A, the standard deviation of such area, s (Ay), both evaluated on each FoV, the

maximum pore depth zmaz,p and the mean pore depth 2maq,p over the evaluation area!:%2,

Treatment effect on the topographical appearance and characterization has been investigated by means
of non-parametric statistics, due to the highly non-normal distribution of the considered parameters®.
Accordingly, the Mood’s median test® has been carried out to quantitatively assess if the considered tanning
processes systematically affect the topography.

Instrumented indentation test

Instrumented Indentation Test (IIT) has been carried out by means of a state-of-the-art indentation platform
Anton Paar STeP6 equipped with a micro-IIT head MCT? in the metrological room of the Mind4Lab%¢,
IIT consists of applying a loading-holding-unloading force-controlled cycle with a Berkovich indenter on the
sample, and the measurement throughout the cycle the applied force (F) and the indenter displacement (k) in
the sample. By the analysis of the indentation curve (IC), i.e. the F(h) curve, provided the calibration®”-% of the
frame compliance, to remove elastic displacement of the indentation machine, and of the indenter geometry,
to associate to the penetration the projected contact area of the indenter, it is possible to obtain estimates of
the Young modulus, by means of the Indentation modulus E,, and evaluate the indentation hardness H,*"~%.
Micro-IIT has been performed applying a maximum force of 500 mN with a loading and unloading of 5 s
each, and a holding of 60 s aimed at compensating and stabilizing room temperature creep of the material”®.
Matrixes of 4 x4 indentations with a x-y spacing of 500 um have been performed on the 9 tanned samples and
ANOVA”! has been resorted to investigate the systematic effect of different tanning treatment on the mechanical
characterization results. The application of IIT to replace conventional and standard tensile test on leather to
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asses quality is unreported to the best of the authors’ knowledge and provides a methodological alternative
highly interesting for ease of set-up and execution for quality control.

Zeta potential titration curves

The zeta potential as a function of pH of a dilute aqueous solution and the isoelectric point (IEP) were determined
by the streaming potential measurement of leather samples at the wet state (SurPASS, Anton Paar). The zeta
potential { is calculated from the measured streaming potential U_,_using the classical Smoluchowski Equation’,

_ dUstr n
¢= dAp ereo B M

with Ap—pressure difference between both ends of a capillary flow channel, n—dynamic viscosity, €, - relative
permittivity of the test solutions, e, —vacuum permittivity, and k,—electric conductivity of the bulk solution.

In order to measure the material at the wet state a cylindrical cell was used and the samples were chopped in
small fragments (few mm each). A plug of chopped leather was formed in the cylindrical compartment of the
measuring cell and supported at both ends by perforated disks. The aqueous test solution was then permeated
across this sample plug. Measurements were performed with aqueous solutions of KCl at different ionic strength
of 0.001 mol/l and 0.01 mol/las electrolytes to illustrate and better understand the possible effect of leather
swelling on the zeta potential results. Since the electrolyte solution flows through the plug of chopped leather
sample during the measurement, the resulting information can be correlated with the bulk properties of the
material (all surfaces, i.e., skin and flesh sides, are in contact with the electrolyte)73. In order to explore the
behavior of the material in a wide pH range (pH 3-9) the dosing unit of the instrument was used for an automatic
titration. The titration was started at the native pH of the aqueous KCI solution and proceeded to low and high
pH using 0.05 mol/l HCI and 0.05 mol/l NaOH, respectively, with a new plug of chopped leather for each pH
range.

Results

Leather samples: macroscopic appearance

The product and morphological analysis, aided by the examination of the surface and sections of the five samples,
using optical microscopy, highlighted the findings reported in Fig. 1.

The appearance of the grain was found to be clearly visible for the first three samples (made with traditional
tannings), and for the last sample 8 (made with novel tanning agents Olive Mill Wastewaters based), suggesting
the promising use of this type of new tanning system, in terms of product properties provided to the leather; for
the same samples, the structure of the dermis was also found to be compact, with a dense fibrous network; on the
contrary, the samples 4, 5 and 7 were found to be characterized by a partially abraded grain (depending on the
typical processing and intended use of the samples); furthermore, for the samples 4, 5 and 7, a more linear and
straight, rather intertwined, structure of the dermis fibers was highlighted; moreover for sample 4, some black
spots highlighted the possible occurrence of leather defects, related to errors in the first phases of the tanning
process. Intermediate surface and cross-section features were found for sample 6 (zeolite tanning based).

Shrinkage temperature (Ts)

As highlighted in Table 1, consistently with what was expected, the most stable sample, from a hydro-thermal
profile, and therefore with higher shrinkage temperature values was found to be the first one (1_Cr_wet, chrome
tanned); the other samples showed Ts values comparable to each other and with the value obtained for the
sample tanned with glutaraldehyde, highlighting a reasonable capability of alternative tannings (such as the
starch-based and Olive Mill Wastewaters based ones) to stabilize the collagen structure with good efficiency. A
lower Ts value was found for the vegetable, aluminium and zeolite tanned sample.

In agreement with literature, various alternative tanning methods have demonstrated sufficient hydrothermal
stability, although generally lower than chrome tanning. Studies on starch-based tanning have reported shrinkage
temperatures exceeding 84 °C, particularly when using chemically modified starches, confirming their ability to
effectively stabilize collagen®®.

A lower Ts value was found for the vegetable, aluminum, and zeolite tanned samples, which is consistent
with previous studies reporting slightly reduced shrinkage temperatures for vegetable tannins and mineral-
based systems. These findings align with recent trends in tanning research, where alternative processes, while
not always reaching the thermal stability of chrome tanning, still provide adequate collagen stabilization and
structural integrity for practical applications*..

This comparison with literature supports the idea that a range of alternative tanning methods can be
effectively employed, each with different impacts on the final material properties. While slight variations in
shrinkage temperature are expected depending on the tanning agent used, the results confirm that several non-
chrome approaches can offer viable solutions for leather processing, balancing performance and sustainability
considerations.

Metal content
Based on the tanning metal content found (Table 1), it was possible to classify the analyzed samples, as follows,
according to the standard UNI EN ISO 15987:20157%, containing Key Definitions for the leather trade:

« the definition of Metal Free leather provides that the total concentration of Tanning Metals (Aluminium,
Chromium, Iron, Titanium and Zirconium) must be found to be less than or equal to 0,1% (i.e. 1,000 mg/kg)
expressed on the dry substance;
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SAMPLE

Surface analysis by
Optical Stereomicroscope (10X)

1-Cr_wet

2 - GLU_wet

3 -VEG_wet

7

carb

sulph_wet

5

starch_wet

6 — zeolite

o the definition of Chrome Free leather provides that the total concentration of Chromium must be found to be

Cross Section analysis by Optical
Stereomicroscope (30X)

e
1.00 mm ’

Fig. 1. Morphological analysis of samples surface and cross section.

less than or equal to 0,1% (i.e. 1,000 mg/kg) expressed on the dry substance.

The results obtained highlighted that sample 1—Cr_wet cannot be defined nor as “chrome free” leather nor as
“metal free” leather. On the other hand, sample 2—GLU_wet, sample 3—VEG_wet, sample 4—carb sulph_wet
and sample 5—starch_wet can be defined as both “chrome free” and “metal free” leathers. Finally, sample 6—Al

wet, sample 7—Zeo_wet and sample 8—OMW _wet, can be defined as “chrome free”.
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Values for sample
5

1—wet blue | 2—tanned 3— 4—tanned starch-

leather— leather— vegetable | leather— based

chrome glutaraldehyde | tanned organic based | tanning | 6— 7— 8—
Test Method/ standard UOM tanning based tanning | leather tanning agents | agents Zeolite | Alluminium | OMW
Average thickness | UNI EN ISO 2589:2016 | mm 1.65 1.54 3.58 1.59 0.69 0.69 0.69 0.69
Shrinkage UNI EN ISO 3380:2015 | °C >95 76 72 79 78 71 71 78
temperature
Hexavalent UNI EN ISO 17075~ me/k <30
chromium 2:2017 &/kg ’
Total aluminium | UNIENISO 17072- mg/kg s.s. | 2.28 3.95 215 9.77 913 18807.64 | 7427.83 1129.68
content 2:2019
Total chromium ;J-;\IOISN 150 17072- mg/kgs.s. | 2.965 2.82 3.17 2.03 <0,02 111.73 53.72 11.98
Total iron content | > BN 150 17072- mg/kg s.s. | 3.59 0.38 57 221 333 14513 | 108.2 31231
Total titanium UNI EN ISO 17072-
content 22022 mg/kgs.s. | <0,1 <0,2 <0,1 <0,1 14.6 36.48 12.37 5.98
Total zirconium UNI EN ISO 17072-
content 2:2022 mg/kgs.s. | 0.98 0.56 0.95 0.55 0 0 0 0
Total tanning | UNT EN'ISO 17072- %s.s. 0.3 0.001 0.003 0.001 0.01 19 0.76 0.146
metals 2:2022

Chrome Chrome

Classification UNI EN ISO 15987:2023 Chrome Metal free Metal free | Metal free Metal free free Chrome free free

leather leather leather leather leather leather leather leather

Table 1. Main technical, product and ecotoxicological features of the leather analyzed.

With a view to qualifying the characteristics of the samples, also on an eco-toxicological level, the hexavalent
chromium content was also determined for the chrome tanned sample, in accordance with the standard UNI
EN ISO 17075-275, the value of which was found to be lower than the prescribed limits for all the main intended
uses of the material.

Wettability

Figure 2 shows the results obtained highlighted significant variability in the different cases examined; a
particularly hydrophobic behavior was highlighted for sample 5, while for the others a certain hydrophilicity
and permeability was found.

Fourier transformed infrared spectroscopy in attenuated total reflectance (FTIR-ATR)
Figure 3 reports FTIR-ATR spectra of the leather samples in the wet state both sides (Grain—g and Flesh—f)
were tested and reported in the graphs.

The FTIR spectra provide insights into the molecular interactions and changes in collagen structure across
different tanning processes. The characteristic amide bands (Amide A, B, I, II, and III) are present in all spectra,
reflecting the preservation of the collagen backbone across the various tanning methods. These peaks are
associated with specific molecular vibrations related to the peptide bonds of collagen, essential for understanding
how the tanning agents affect the material.

Indeed, all leathers exhibit typical collagen absorption bands. The two amide bands (I-II) are due to C=0
stretching, C-N stretch and NH deformation’® and are found in all type of tanned leathers at 1638, 1540 cm™ L
respectively. Considering the Amide III band, collagen is characterised by three main peaks centred at 1284,
1240 and 1202 cm ~77. These represent the structure of collagen (random coil or crystalline) and actually change
according to the type of tanning’®. Amide A peak (around 3300 cm™!) is presented clearly in all the leathers due
to hydrogen bonding. There are two addition bands presented in all leathers at 2920 cm™! and 2850 cm™!, which
are related to lipids”*#°.

These bands were stronger on the upper (grained) surface than on the lower (flesh) surface of Cr and GA-
tanned leather, suggesting a treatment with oils and other fats applied on the top surface’®. A different amount of
lipid on the top of the surface can be seen depending on the tanning of the leather. Indeed, the leathers tanned
with VEG, Carb-sulf, and GLU, as well as Tria and Al, exhibit a less pronounced peak in this frequency band.
This observation aligns with the contact angle study, which indicates a more hydrophilic surface for these three
types of leather. In contrast, the organic-based tanning methods, such as starch and OMW, show a higher peak
corresponding to the lipidic band. This results in more amorphous collagen structures, enhancing the flexibility
and softness, particularly on the grain side.

X-ray diffraction
Figure 4 reports XRD spectra of the analyzed leather samples.

The main contributions in the XRD spectra of leathers can be found at 8° and 20°. The peak at about 8° relates
to the characteristic intermolecular lateral packing within collagen fibrils and the peak at about 20° comes from
the amorphous scattering, resulting from the unordered components of the collagen fiber®!:82,
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Fig. 2. Contact angle measurements at 0 and 10s.

The X-ray diffraction (XRD) analysis reveals clear structural differences between the various tanning agents
used in the study. The chromium-tanned sample (Cr_wet) and glutaraldehyde-tanned samples (GLU_wet)
exhibit distinct peaks, particularly at low angles, indicating a relatively crystalline structure. In contrast, the
VEG_wet tanned samples show broader, less defined peaks, characteristic of amorphous structures, this suggests
that these organic tanning methods lead to a more disordered molecular arrangement, which may influence the
flexibility and permeability of the final material, probably because of water adsorption from the collagen chain®.
The sulfur-based (Carb Sulph_wet) and starch-based (Starch_wet) samples also show relatively amorphous
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Fig. 3. FTIR ATR spectra of (a) 1—Cr_wet, (b) 2—GLU_wet, (c) 3—VEG_wet, (d) 4—carb sulph_wet and (e)
5—starch_wet, (f) 6—Al_wet, (g) 7—Zeo_wet, (h) 8_OMW _wet, (i) 9_Tria_wet.

characteristics, with moderate peaks indicating a lower degree of crystallinity compared to the chromium-
tanned sample.

The aluminum-tanned sample (Al_wet) displays a much more ordered structure, with prominent peaks
in the XRD pattern that reflect its crystalline nature. Similarly, the zeolite-based tanning method (Zeo_wet)
produces sharp peaks at 8 degree. On the other hand, the OMW_wet sample and Tria_wet samples result in
more amorphous structures, as indicated by their broad, low-intensity peaks. The lack of sharp peaks in these
samples suggests a less ordered arrangement, which could lead to different functional characteristics such as
increased flexibility or porosity, as indicated by topography and mechanical tests.

Topographical characterization
Topographical measurements have been carried out by means of CSI instrument as per Section “Topographical
characterization” and Fig. 5 shows the qualitative appearance of the considered tanned hides. As it can be
appreciated, conventional processes, i.e. 1 —Cr_wet, 2—GLU_wet and 3—VEG_wet, show a uniform surface,
with a limited height range and very few isolated features. Conversely, 5—starch_wet samples show a significantly
irregular surface with fibers and pores; the 4—Carb Sulph_wet sample has an intermediate appearance.
Specimens 6—Al_wet, 7—Zeo_wet, 83—OMW_wet and 9—Tria_wet present a uniform distribution of pores on
the surface, with a decreasing height range moving from specimen 9 to specimen 6 (lowest height range).
Quantitative characterization has then been carried out as described in Sect. 2.7 and field and features
parameters have been evaluated; box plots of the parameters are shown in Fig. 6. From the boxplots, preferred
to interval plot to better highlight the non-normality of the parameters, consistent differences both in median
and dispersion among the different treatments can be appreciated. Such differences are confirmed by the
Mood’s median test, which highlighted a systematic effect of the different tanning agents on all the considered
topographical parameters at a confidence level of 95%. Specifically, starch tanned specimen shows a higher
topographical roughness both as dispersion (Sq) and average (Sa). Starch and Vegetable presents highest peaks
and deepest pores (Sp, Sv), which is well captured also by the feature parameters, i.e. in terms of average and
standard deviation of the pore areas and the pores maximum depths, for which those two alternative sustainable
tanning presents worst values. Furthermore, the great degree of variability, easily attributable to the fibers, can
be well captured by the Sdq, which is again systematically higher for starch tanning. In general, topographies
are random (Sal <0.2) for all tanning processes, and isotropic (Str>50%) for specimen OMW, Cr_wet, GLU_
wet, Starch_wet, Triazine, VEG_wet and Zeolite; the others specimens, however, present values for Str close to
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Fig. 4. XRD spectra of leather samples: (a) 1—Cr_wet, 2—GLU_wet, 3—veg_wet, 4—carb-sulph_wet, 5—
starch_wet; (b) 6—Al_wet, 7—Zeo_wet, 8—OMW _wet, 9—Tria_wet and.

50%. In general, the innovative and sustainable tanning agents result in a rougher and less reproducible surface
topography.

Instrumented indentation test
Figure 7 shows a representative result of the IC performed on the samples. Due to the highly unstable,

wet and ease to decay, i.e. prone to grow molds, of the vegetable-tanned samples, indentation could not be
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Fig. 5. Measured topographies in true colours.

carried out on it. Qualitatively, a mechanical response dominated by plasticity can be seem, whilst the elastic
recovery (associated to the area beneath the unloading portion of the IC) is very limited. Interval plots of the
mechanical characterization as a function of the tanning agent are shown in Fig. 8, with error bars evaluated
as measurement uncertainty at 95% confidence level, evaluated propagating contributions and ultimately
dominated by measurement reproducibility®®®*. Quantitatively, strong heteroskedasticity can be appreciated,
at a confidence level of 95%, showing a significantly larger dispersion for the GLU treatment. Considering the
results of topographical characterization shown in Sect. 3.7, the greater dispersion of the mechanical response
GLU-tanned sample cannot be ascribed to the topography as the GLU topographical characterization is not
statistically different from Cr tanning. As far as the average mechanical response, ANOVA highlights (at a
confidence level of 95%) systematic differences due to the tanning treatments in the mechanical response, as
it can be qualitatively appreciated in Fig. 8. Specifically, Starch and Zeolite tanning produces more elastic and
softer material, whilst GLU, Al and OMW tanning induces more stiff and harder leather.

These findings align with reports on biopolymer-based tanning agents, where variations in crosslinking
influenced material stiffness and durability®®. Additionally, alternative tanning agents have been found to
enhance resistance to mechanical stress, supporting their potential for industrial use*!.

Zeta potential titration curves
Figure 9 reports the zeta potential titration curves of the tested leather samples.

Figure 9 shows the pH dependence of the zeta potential of the differently tanned leather samples determined
at different ionic strength of an aqueous KCl solution (dashed KCI 0.001 M, continuous lines KC10.01 M).

Data are reported as average values of 4 measurements with relative standard deviations for each pH point.
The standard deviation is an index of the material stability in the explored pH range, as previously reported by
the authors®.

The configuration of the leather plug in the measuring cell deviates significantly from the ideal condition of
a flat, non-porous, and non-conductive surface for the streaming potential.

Firstly, the capillary flow path inside the leather plug is extremely irregular. Fortunately, the classical
Smoluchowski equation (Eq. 1) does not require knowledge about the geometry of the flow channel but a
reproducible adjustment of the sample permeability. The latter requires a control of the weight of the leather plug
and its compression. The permeability is adjusted immediately after sample mounting by reducing the distance
between the support disks of the cylindrical cell and by monitoring the volume flow rate of the aqueous test
solution at given pressure difference between both ends of the sample plug. The dependence of the (apparent)
zeta potential on the permeability of the plug-shaped sample is explained by the model of the electric double
layer. The combination of the ionic strength (which determines the Debye length at the solid-water interface and
thus the extension of the diffuse layer of compensating ions towards the bulk aqueous solution) and the proximity
of adjacent surfaces of individual leather chips determine the applicability of the Smoluchowski equation. At low
ionic strength, a small effective distance between leather surfaces leads either to an overlap of double layers and
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Fig. 7. Indentation curves (IC) collected by micro-IIT on starch (blue dots), Cr (red cross), GLU (green
squares) and CMS (black dots). A significative difference in the mechanical response can be appreciated due to
the different tanning treatments.
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Fig. 8. (a) H . and (b) E,; evaluated by micro-IIT. Systematic differences in average and dispersion can be
appreciated due to the different tanning agents.

thus to a non-linear electrokinetic effect, or to a contribution of the interfacial conductance (the accumulation
of ions in the diffuse layer accounts for a significantly higher conductivity compared to the bulk solution), which
is not considered by the Smoluchowski equation®”. In the latter case, the apparent zeta potential is estimated
too low in magnitude®®. Secondly, the bulk leather sample is porous and swelling in aqueous solution. Both
properties introduce ionic conductance to the leather sample in its wet state. In the presence of bulk material
swelling, the effect of porosity on the zeta potential is minor. Besides the introduction of ionic conductance due
to water-borne ions penetrating the swollen material, swelling also let the distinct interface between the solid
material surface and the surrounding aqueous solution diminish. This phenomenon shifts the shear plane at the
interface towards the interior of the swollen material and further reduces the magnitude of the apparent zeta
potential®’.

In order to (at least partially) compensate the adverse effects of interfacial conductance, porosity, and swelling
on the determination of the zeta potential, we have selected an ionic strength of 0.01 mol/l for the aqueous KCl
test solution. Although the increase in ionic strength maintains the magnitude of the Debye length (the Debye
length decreases from 9.5 nm in 0.001 mol/l to 3 nm in 0.01 mol/I"?), it does significantly reduce the adverse
effect of unrecognized interfacial conductance on the zeta potential calculation. The higher ionic strength and
thus the higher electrolyte conductivity further helps to better approach the ionic conductance of the wet leather
sample caused by bulk material swelling. Besides, higher ionic conductance suppresses swelling compared to the
low salinity condition of a 0.001 mol/l solution. Last but not least, the use of 0.01 mol/l KCI helps to maintain a
reproducible electric conductivity within a wider range of pH.

Figure 9a shows the pH dependence of the zeta potential determined in 0.01 mol/l KCl for leather tanned
with chromium, glutaraldehyde and dialdehyde-starch, respectively. It is easily possible to distinguish the effects
of different tanning agents on the final functional groups of leather that interact with the aqueous solution and
are responsible for the formation of surface charge.

The zeta potential analyses reveal an isoelectric point (IEP) at pH 5.4 for chromium-tanned leather and at
pH 3.1 for glutaraldehyde-tanned leather. These values of the IEPs are consistent with the ones reported in the
literature and reflect the corresponding tanning mechanisms. Chromium tanning captures available COOH
groups thereby leaving an excess of free NH, groups that show responsible for the highest IEP in this series of
tanned leather samples. Opposite, glutaraldehyde tanning involves binding of NH, groups such that the net
surface charge and the IEP are dominated by free COOH groups®*°. Within the experimentally accessible
pH range, it was not possible to determine the IEP of starch-tanned leather. However, the analysis of the raw
measuring data, i.e., the evolution of the streaming potential coupling coefficient dU_ /dAp with electrolyte pH,
suggested an IEP at pH 2.6+0.1 (insert in Fig. 9). We conclude on a mechanism of tanning for the starch-based
agent, which is similar to glutaraldehyde. In addition, the zeta potential of the starch-tanned leather sample may
be compromised by a contribution of starch (anionic polysaccharide) that remained strongly attached to the
fibrillar structure of the flesh side.

Since 0.01 M KCl gave more reliable results, new leather samples (6_Al, 7_Zeo, 8_Triaand 9_AVO) were tested
only in this electrolyte. 6_Al, 7_Zeo and 9_Tria samples show an isoelectric point between 4,2 in accordance
with literature values®! Sample 8_OMW show an acidic IEP in accordance with the presence of acidic functional
groups in able to link NH, groups of collagens leaving free COOH acidic groups. Free acidic functionalities are
clearly visible from the acidic IEP and from the plateau in the basic region.

A comparison with the zeta potential results for chromium- and glutaraldehyde-tanned leather determined
at the lower ionic strength of a 0.001 mol/l KCI solution reveals the complex behavior of this natural material.
Firstly, the magnitude of the zeta potential is affected. A decrease in the magnitude of the zeta potential with
increasing ionic strength is expected and explained by the model of the electric double layer and the compression
of the diffuse layer of interfacial charge (a decrease of the Debye length). However, this decrease in magnitude
is only observed for the zeta potential of glutaraldehyde-tanned leather. For chromium-tanned leather, we
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Fig. 9. (a) zeta potential titration curves of leather samples (Cr_wet, GLU_wet and starch_wet) determined at
different ionic strength of an aqueous KCl solution (dashed KC1 0.001 M, continuous lines KCI0.01 M), (b) zeta
potential of Al, Zeo, Tria and OMW samples in 0.01 M KCL

observe a shift to higher negative zeta potential when changing from 0.01 mol/l to 0.001 mol/l KCL In general,
the dependence of the zeta potential on the ionic strength of a 1:1 electrolyte (such as KCI) does not affect
the isoelectric point. The experimental results for tanned leather contradict this statement and suggest another
process initiated by a change in the ionic strength of the aqueous test solution. As mentioned above, lower
salinity enhances the swelling propensity of leather. Apparently, functional groups buried in the bulk of the

Scientific Reports|  (2025) 15:10608 | https://doi.org/10.1038/s41598-025-94531-y nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

leather sample get accessible to the aqueous test solution upon swelling®. The distribution of COOH and NH,
functional groups in the bulk is less affected by the tanning process and these acidic and basic groups contribute
equally to the formation of surface charge. The approximation of the IEPs for chromium- and glutaraldehyde-
tanned leather samples in 0.001 mol/l KCI confirm this hypothesis. Secondly, the higher degree of swelling
of leather in low ionic strength condition is reflected by the reverse trend of the zeta potential at higher pH.
While in 0.01 mol/l KCI, chromium-tanned leather shows a steady increase in the negative zeta potential and
glutaraldehyde-tanned leather exhibits a plateau zeta potential above pH 5, the magnitude of the (apparent) zeta
potential decreases in the alkaline range when leather gets exposed to the lower ionic strength of 0.001 mol/l.
This indication of swelling by the pH dependence of the apparent zeta potential is also observed for natural
fibers®. In conclusion, the selection of the higher ionic strength of 0.01 mol/l eliminates the effects of a series of
physical artefacts on the determination of the zeta potential and makes differently tanned leather samples better
distinguishable.

Conclusion

Leather samples at the wet state, coming from traditional (e.g. Chrome and Glutaraldehyde) and innovative (e.g.
vegetable, carbamoyl sulphate, starch and OMW) tanning processes have been deeply characterized from the
physical and chemical standpoints. Well established characterizations, such as optical microscopy, shrinkage
temperature, wettability, metal content, infrared spectroscopy and X-ray diffraction, have been applied. In
addition, new and unconventional methods for the leather field, such as surface topography characterization,
instrumented indentation and zeta potential electrokinetic measurements were applied and optimized for this
type of samples.

The first goal achieved by this research is the design and optimization of a set of characterization techniques
suitable for the analysis and comparison of leather samples at the wet state from different tanning processes.

The explored techniques were able to highlight differences among the different tanning process which can be
correlated with the different mechanisms of tanning and which can increase the knowledge about the process
and the effectiveness of innovative methods.

In particular Optical microscopy allows the visualization of grain and dermis structure to investigate and
compare products properties and eventual defects. Advanced topographical measurements supported optical
microscopy with a new and also quantitative method for the investigation of surface morphology and eventual
defects. Moreover, instrumented indentation can add significant information related to surface mechanical
properties and elasticity correlated with product quality and performances.

Shrinkage temperature measures the ability of a tanning process to stabilize collagen. This measurement is
properly supported by XRD evaluation which investigates collagen structure.

A deep insight in molecular interactions and possible changes in collagen structure is given by FTIR-ATR
analysis and for the first time by zeta potential measurements. The combination of these two techniques allows
the investigation of functional groups exposed by tanned samples giving information about the ones involved in
the tanning process and consequently on the tanning mechanism.

Finally, the evaluation of metal content is fundamental for leather classification but also for the evaluation of
possible health and environmental concerns in certain processing technologies.

The knowledge of mechanisms and features of different tanning processes are crucial for the optimization
of the subsequent steps of leather processing specific for each tanning agent reducing defects. Moreover, a
quantitative and objective comparison among different tanning processes allows the design and development of
technologies with reduced health and environmental impact.

Data availability
Data availability: The raw/processed data required to reproduce these findings are available upon request to Sara
Ferraris (sara.ferraris@polito.it).
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