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ABSTRACT

The new industrial revolution towards sustainability and circularity, driven by major
Automotive and Fashion brands, finds its motivation in the ecological transition, where
production can no longer be disconnected from ethical, social, and environmental aspects. In
leather production, the process involves high energy consumption, use of natural resources,
and a series of complex chemical and mechanical treatments that generate significant amounts
of liquid, gaseous, and solid waste, with corresponding environmental implications. Among
these, liquid waste accounts for 15.2 % of the total, while solid waste comprises 26.1 %. The
former primarily originates from wastewater in wet processing stages (tanning liquors), while
the latter mainly results from mechanical operations such as splitting, shaving, buffing, and
trimming. Specifically, every square meter of leather produced generates approximately 1.38
kg of total waste, of which about 0.36 kg is solid, and 0.21 kg is tanning liquor.

Focusing on the automotive sector and the production of metal-free leather, this study
aims to address a significant industrial challenge: on one hand, reducing the environmental
impacts associated with production; on the other, integrating circularity principles through the
reuse and valorization of processing residues. Specifically, the study seeks to develop a more
sustainable approach to glutaraldehyde tanning, reducing its environmental impact and
improving process efficiency, with particular attention to the volume of liquid effluents from
drum processing. Additionally, the study explores the potential of upcycling solid waste from
wet-white leather shaving operations to produce fillers for thermoplastic polyurethane (TPU)
composites for Additive Manufacturing using Fused Filament Fabrication (FFF) techniques.

This dual strategy supports a circular economy model within the leather industry,
contributing both to waste reduction and the development of advanced materials for industrial

applications.

il



Rosario Mascolo — Universita degli Studi di Brescia — DIMI - PhD XXXVII CICLO

SOMMARIO

La nuova rivoluzione industriale nella direzione della sostenibilita e circolarita, spinta

dai grandi marchi dell’Automotive e del Fashion, trova le sue motivazioni nella transizione
ecologica, in cui la produzione non puo piu essere disconnessa da valutazioni di tipo etico,
sociale ed ambientale.
Per quanto riguarda la produzione di pelli, il processo prevede un elevato utilizzo di energia,
di risorse naturali ed una sequenza di complessi processi chimici e meccanici che generano
grandi quantita di rifiuti liquidi, gassosi e solidi, con le relative implicazioni ambientali. Di
tutti 1 rifiuti, scarti e sottoprodotti derivanti, 1 rifiuti liquidi rappresentano il 15.2 % del totale,
mentre quelli solidi si attestano al 26.1 % del totale. I primi sono prevalentemente derivanti
dalle acque reflue dalle fasi di lavorazione ad umido (liquidi di concia), mentre quelli solidi
provengono principalmente dalle lavorazioni meccaniche di spaccatura, rasatura,
smerigliatura e rifilatura. In relativi, ogni metro quadrato di pelle prodotta genera 1,38 kg di
rifiuti totali dei quali circa 0.36 kg sono di tipo solido e 0.21 kg di liquidi di concia.

Con particolare riferimento al settore automotive ed alla produzione di pelli metal-free,
e con l’obiettivo di affrontare le sfide ambientali correlate, questo studio si propone di
affrontare una sfida industriale significativa: da un lato, la riduzione degli impatti ambientali
legati alla produzione; dall’altro, 1’integrazione concreta dei principi di circolarita attraverso
il riutilizzo e la valorizzazione dei residui di lavorazione. Da un lato, si mira a sviluppare un
approccio piu sostenibile al processo di concia alla glutaraldeide, riducendo il suo impatto
ambientale e migliorando I’efficienza del processo, con particolare attenzione alla quantita di
reflui liquidi delle lavorazioni in botte. Dall’altro lato, lo studio esplora il potenziale
dell’upcycling dei rifiuti da pelli wet-white dalle fasi meccaniche di rasatura, da utilizzare
come filler per compositi a base di poliuretano termoplastico (TPU) per Additive
Manufacturing mediante tecniche Fused Filament Fabrication (FFF). Questa doppia strategia
supporta un modello di economia circolare all’interno dell’industria conciaria, contribuendo

sia alla riduzione dei rifiuti che allo sviluppo di materiali avanzati per applicazioni industriali.

Y
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INTRODUCTION

Leather production is a process that transforms waste from the food industry —
otherwise destined for disposal — into a durable and high value-added material (EN 15987,
2015) (ISO 15115, 2019). The tanning process involves a sequence of specific chemical and
physical treatments aimed at modifying the macromolecular structure of collagen of natural
skins (Hassan et al., 2023). Leather is widely used in various sectors such as fashion, personal
protective equipment or in the automotive industry for seats and interior coverings. In the last
decades, major fashion brands and automotive manufacturers are pushing leather producers
to transform their production processes, adopt more sustainable business models, and
implement circular economy principles to reduce environmental impacts (Morelli C., 2022),
in line with the commitments established in the United Nations 2030 Agenda for Sustainable
Development (UN, 2015). As a result, tanneries are both optimizing processes to reduce
environmental impacts and implementing circular economy principles, focusing not only on
leather production but also on the by-products of its processing.

According to the Sustainability Report 2023 of the Italian National Tanning Industry
Association (UNIC), Italy produces 99.4 million of square meters of leather, corresponding
to about USD 4.3 billion. In the Italian leather production cycle, liquid wastes from tanning
represents 37.5 % of total waste, while solid waste accounts for 23.6 %. The liquid waste
mainly derives from wastewater during the wet drum processing stages, while solid waste
from skins derives from splitting, shaving, buffing, and trimming stages. In relative terms,
every square meter of leather produced generates 1.83 kg of total waste, including about 0.43
kg of processing scraps and 0.69 kg of tanning liquids (UNIC, 2023).

Data is confirmed on a global scale. As of 2020, the annual global leather production
is estimated at approximately 2 billion square meters corresponding to an estimated value of
USD 394.12 billion. It is projected to grow at a compound annual growth rate (CAGR) of 5.9
% between 2021 and 2028, reaching an estimated market value of USD 624.08 billion by 2028
(Muralidharan et al., 2022). The leather footwear sector dominates the market, accounting for
about 65 % of total leather consumption, while the remaining 35 % is utilized in the production
of other leather goods such as garments, upholstery, and accessories (China et al., 2020). This
production generates a great amount of waste; in particular, it has been estimated that the

annual production of leather generates more than 600,000 tons of solid waste, 150,000 tons of
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which consists of tanned shavings and trimmings (Verheijen et al., 1996) (Yorgancioglu et

al., 2020).
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Figure I - Tanning process scheme, solid and liquid wastes generated

In Figure 1 a scheme of the tanning process with the liquid or solid waste generated in
is represented for the specific phase. In Figure 2 a typical wet-end area of a tannery, equipped

with drums for processing hides through tanning and other wet treatments, is reported.
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Figure 2 - Wet-end processing department of a tannery

Furthermore, in Table 1 a quantification of the solid waste of tanning process in

kilograms per 1,000 kilograms of raw hide processed is provided (Yorgancioglu et al., 2020).

UANTITY
SOLID WASTES FROM TANNING (gg /1,000 kg)
Preservation salts 80
Hair 100
Raw trimmings 40
Lime sludges 60
Fleshings 120
Wet trimmings 30
Splittings 65
Shavings 95
Buffing dusts 65
Crust trimmings 35
Dry sludges from effluent treatments plants 125

Table 1 - Solid wastes produced from tanning process

About liquid waste, in tanneries the water cycle begins with sourcing from either
groundwater or from public and industrial water supply systems. Before being used in the
production process, the water undergoes a pretreatment phase aimed at removing potentially
harmful substances such as metals that could negatively impact processing efficiency or the

quality of the final leather product. Once treated, the water is used throughout several stages
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of the tannery's operations. It plays a key role in wet processing stages, steam generation,
cleaning procedures, and in air treatment or cooling systems. As it flows through the tannery,
water quality deteriorates considerably. It accumulates chemical compounds — either
unabsorbed by the hides or resulting from process reactions. Because of this, the wastewater
must undergo rigorous treatment to ensure that it meets environmental discharge standards.
To minimize ecological harm, tanning industry hubs are equipped with treatment plants
specifically engineered to handle the unique chemical profile of tannery effluents (UNIC,
2023).

This study addresses a specific industrial issue within the automotive leather supply
chain, concentrating on the tanning phase and the subsequent shaving mechanical operations.
A targeted section of the tanning workflow has been intentionally isolated and analyzed in
detail to demonstrate that a circular and sustainable approach can be effectively applied to
each individual stage of the leather manufacturing process. In particular, the study focuses on
thorium hides tanned using glutaraldehyde intended for automotive interior upholstery. This
kind of tanning is widely spread in the automotive sector due to its superior resistance to
dimensional changes caused by external environmental stresses — both at high temperatures
and under hot/dry and cold/humid cycles (Schropfer M. and Meyer M., 2011) — to which
the occurrence of certain surface defects of the leather it is linked (e.g. wrinkling, detachment
from the underlying substrate). Glutaraldehyde tanning is also used for issues related to
disposal. The absence of inorganic tanning agents prevents the production of metals after the
incineration of materials. Nevertheless, its presence in wastewater introduces some
environmental concerns. As a strong biocidal agent, even low concentrations of
glutaraldehyde in effluents can disrupt microbial populations that are essential for water
biological treatment processes like nitrification and denitrification. This disruption may result
in higher chemical oxygen demand (COD) levels and lower biodegradability, thereby
complicating wastewater treatment and increasing the risk of violating environmental
discharge regulations (7oxicological Profile for Glutaraldehyde, 2017). Consequently,
finding effective solutions to manage and mitigate the impact of glutaraldehyde in wastewater
is essential for promoting more sustainable practices in leather production. In this work, the
circular and more sustainable approaches in tanning phase have been studied into two different

studies:
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- The first involves the optimization of the tanning agent, aiming to make the process
more sustainable by reducing the volume and pollutant load of wastewater sent to the
treatment plant. Process parameters and formulations were adjusted to reduce

environmental impact without compromising leather functionality.

- The second part addresses the circularity aspect by developing a strategy for recycling
glutaraldehyde-tanned leather shavings. These residues were repurposed as raw
material for the production of TPU-based composites, suitable for additive
manufacturing Material Extrusion techniques via Fused Filament Fabrication (FFF).
This approach explores the potential for reintegrating waste into the production cycle

through material recovery.

Through this dual approach — process optimization and material upcycle — this study
provides an example of how sustainability and circularity can be implemented even at specific
stages of a traditionally resource-intensive industry, responding to specific goals of the United

Nations 2030 Agenda (UN, 2015):

- (3.9) By 2030, substantially reduce the number of deaths and illnesses from hazardous

chemicals and air, water and soil pollution and contamination.

- (6.3) By 2030, improve water quality by reducing pollution, eliminating dumping and
minimizing release of hazardous chemicals and materials, halving the proportion of

untreated wastewater and substantially increasing recycling and safe reuse globally.

- (9.2) Promote inclusive and sustainable industrialization and, by 2030, significantly raise
industry’s share of employment and gross domestic product, in line with national

circumstances, and double its share in least developed countries.

- (12.2) By 2030, achieve the sustainable management and efficient use of natural

resources.

- (12.4) By 2020, achieve the environmentally sound management of chemicals and all

wastes throughout their life cycle, in accordance with agreed international frameworks,
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and significantly reduce their release to air, water and soil in order to minimize their

adverse impacts on human health and the environment.

- (12.5) By 2030, substantially reduce waste generation through prevention, reduction,

recycling and reuse.

- (17.8) Fully operationalize the technology bank and science, technology and innovation
capacity-building mechanism for least developed countries by 2017 and enhance the use

o enabling technology, in particular information and communications technology.

GOOD HEALTH ElEAN WATER INDUSTRY,
AND WELL-BEING AND SANITATION INNOVATION
AND INFRASTRUKRE
“We ﬁ &

1 RESPONSIBLE PARTNERSHIPS
CONSUMPTION FOR THE GOALS

Figure 3 - UN Sustainable Development Goals for the study

About the reuse of solid wastes, he recovery of waste from pre-tanning phases (animal-origin
by-products — AOBPs) is well established as a raw material source for various sectors (UNIC,
2023), such as pharmaceuticals (Irwanto, 2021), biomedical (Maistrenko et al., 2022),
fertilizers (Stefan et al., 2022), fuel production (Alptekin et al., 2012), and adhesives (Akter
et al., 2024). Waste from already processed tanned hides, residues from splitting of tanned
leather (EN 15987, 2015) (ISO 15115, 2019) are reused by tanneries as by-products to produce
pigmented split leather or suede (EN 15987, 2015) (ISO 15115, 2019), which are intended for
the same industries as full-grain leather, such as automotive, fashion, and furniture.

Shavings, that are mechanical waste from thickness equalization of wet-state hides, constitute

approximately 33 % of total waste produced after tannage (Yorgancioglu et al., 2020) and 75
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% of the solid waste produced by tanneries (UNIC, 2023).They have been already used in the
production of chemicals for the tanning process (Dettmer et al., 2010) or as reinforcements in
different polymer matrices to create composite materials like leather fiber board (Ding C et
al., 2017). Other by-products such as trimmings, which may contain chemicals from the
finishing, dyeing, fatliquoring, and top-coating phases (less than 7%), have also been reused
in the small leather goods, clothing, and footwear industries after being assembled into
patchwork designs for secondary markets. Numerous studies have been conducted on the use
of leather waste as fillers in both thermoplastic and thermosetting polymer matrices (Pati et
al., 2014). Leather waste has been used as a filler in matrices such as epoxy resins (Kale and
Jadhav, 2019), high-density polyethylene (Kili¢ et al., 2020), natural rubber (Cavalcante et
al., 2018), polyvinyl alcohol (Liu et al., 2016), polylactic acid (Ambone et al., 2017), and
thermoplastic polyurethane (TPU) (Li et al., 2021) (Nazir et al., 2025). Regarding TPU
matrices, Nazir et al. defined the mechanical properties of TPU composites filled with
different types of leather waste powders, including wet-blue shavings, glutaraldehyde
shavings, chromium-finished leather, and vegetable-tanned leather trimmings, using various
waste contents (5% to 30% by weight) and different particle size distributions. The study
demonstrated that improved mechanical properties (Young’s modulus of 305 MPa) and
abrasion resistance are significantly influenced by the average particle size of leather waste,
with wet-blue leather offering the best performance due to its optimal aspect ratio.
Thermoplastic polyurethanes (TPUs) are a class of versatile polymers widely used in additive
manufacturing (AM) due to their unique combination of flexibility, processability, and
durability. These materials consist of two distinct segments: a hard segment and a soft
segment. The hard segment is formed by the reaction of an isocyanate functional group with
a chain extender, such as 1,3-butadiene-1,4-diol. This reaction creates a rigid structure that
provides strength to the material. The soft segment consists of flexible polyurethane or
polyester chains connecting the hard segments. The soft segment gives TPUs their elastic
behavior, allowing them to stretch and return to their original shape, making them ideal for
applications requiring flexibility and elasticity (Handbook of Thermoplastic Elastomers,
2014).

In this part of the work, the possibility of using TPU-leather waste compounds as material for
Fused Filament Fabrication (FFF) has been studied. Fused Filament Fabrication (FFF), also

due to the low cost of the devices, is one of the most widely used additive manufacturing
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techniques. This technique, also known as Fused Deposition Modeling (FDM), is a type of
additive manufacturing (AM) that falls under the material extrusion category. In this process,
a thermoplastic polymer filament is deposited layer by layer to build up a three-dimensional
object. The filament is fed through a heated nozzle which melts the material for extrusion.
The heated nozzle, controlled by motors, moves across the build area in the x-y plane to form
each layer of the object. After completing one layer, the system moves vertically along the z-
axis to begin the next layer, repeating this process until the object is fully formed.
Additionally, the use of multiple print heads enables the simultaneous extrusion of different
materials, allowing for the creation of multi-material objects or designs with complex
geometries, including those that require support materials which can later be removed (Ligon
etal., 2017).

With reference to natural fibers or reinforcements, some studies have been found in literature
about the use of TPU for Additive Manufacturing applications. Composites of thermoplastic
polyurethane (TPU) and cork particles obtained from industrial waste at different
concentrations have been studied as material for Material Extrusion Technologies (Alvarez
Gomez et al., 2023), focusing on the effects of deposition strategy. In another study, the
combination of poplar wood particles with TPUs for FFF was reported, analyzing the behavior
of different additives (Bi et al., 2018). Others studied thermoplastic polyurethane/lignin
composites, with and without carbon fiber (CF) reinforcement, to improve the mechanical
properties of the material printed using FFF techniques (Zhou et al., 2022).

No studies have been found on the production of printable material for FFF using TPU and
leather fibers from tanning wastes, particularly wet-white, without the use of modifiers or
compatibilizers. In this work ground wet-white leather shavings powder has been used to
produce TPU compounds at different leather waste concentrations to be used in FFF devices.
The compounds have been previously tested for morphological, mechanical, thermal and
rheological characterization. Subsequently, printability tests have been carried out by setting
different nozzle temperatures and printing speed to identify the range of composite printing
process parameters. As a result, this study introduces new opportunities and design strategies
for the valuable use of leather waste, promoting circularity in manufacturing processes. By
incorporating waste materials, it not only enhances resource efficiency but also contributes to
the reduction of environmental impacts, expanding the availability of cost-effective and eco-

friendly filament options for Fused Filament Fabrication printing.
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Chapter 1:
Reduction of Liquid Wastes

1. Introduction

The concept of environmental sustainability has become increasingly central to the
tanning industry, driven by stricter regulatory frameworks and growing consumer demand for
environmentally responsible products. The evaluation of environmental impacts associated
with tanning processes is critical in supporting sustainable innovations and optimizing
industrial performance. Among the methodologies available, the Product Environmental
Footprint Category Rules (PEF-CR) for leather, introduced by the European Commission
(European Commission, 2018), provide a harmonized approach for the environmental
assessment of leather products, ensuring comparability and transparency across different
production scenarios.

This section of the work focuses on the characterization and quantification of the
environmental impact indicators associated with glutaraldehyde tanning, using the
“Faibenelapelle” tool developed by the Stazione Sperimentale per 1'Industria delle Pelli e delle
Materie Concianti (SSIP) within the GaBi platform by Sphera. This digital tool incorporates
the methodological principles of the Product Environmental Footprint (PEF) and supports
tanneries in identifying resource consumption, emissions and waste generation throughout the
entire production cycle. The SSIP tool enables the evaluation of the environmental impact of
each individual phase of the tanning process, allowing for a comprehensive footprint
assessment through the quantification of relative contributions and the identification of

environmental improvements achieved by implementing optimized process conditions.
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Once the environmental footprint of the glutaraldehyde tanning process was
established, an optimization study was conducted with the aim of reducing chemical
consumption while maintaining performance. The study focused on evaluating the cross-
linking efficiency of glutaraldehyde tanning at various concentrations. Two key parameters
were used to determine the optimal concentration: the degree of cross-linking achieved and
the level of glutaraldehyde exhaustion from the tanning bath. Residual aldehyde content in the
wastewater was measured using High-Performance Liquid Chromatography (HPLC). To
assess the hydrothermal stability of the tanned leather, expressed by the shrinkage temperature
(Ts), an instrumental method based on Dynamic Mechanical Analysis (DMA) was developed
as an alternative to the ISO 3380 standard. While replicating the test conditions of ISO 3380,
the DMA-based method offers improved control over the heating rate and enables more
accurate detection of the transition temperature. This approach reduces result variability and
enhances sensitivity to small temperature variations associated with different concentrations
of the tanning agent.

Finally, the suitability of the optimized tanning process was validated by producing
finished leather and verifying its compliance with Maserati’s interior leather specifications, in
accordance with standard I.DSPM 020:2018.

In Figure 4 the chart of the arguments involved in this part of the work is reported.

Sustainability in leather Industry and Tanning process on 3 different
Leather PEFCRs methodology glutaraldehyde concentrations
Development of a Model for Tanning DMA technique for a novel method for
processes by GaBi determination of shrinkage temperature
Collecting primary data from a “model Analysis of the Shrinkage temperature
tannery” for 3 different wet-white leathers
Quantification o Environmental Impacts Analysis of the residual aldehydes in the
according to PEF for tanning phase exhausted bath (wastewater)

| |

!

Identification of the optimized process and
correspondent environmental impacts

l

Production of leather and compliance to Maserati’s
1.DSPM 020 requirements

Figure 4 - Chart of the argument in part 1 of the study
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2. Environmental Impact, Sustainability and Evaluation Tools

Over the years, the leather industry has seen growing attention to environmental issues,
resulting in additional restrictions for all stakeholders in the value chain that go beyond legal
requirements. Initially, these restrictions focused mainly on verifying the presence or use of
chemical substances with specific ecotoxicological profiles that could pose risks to human
health. Over time, system-wide requirements aimed at achieving sustainability goals and raw
material traceability have also been introduced, with certification becoming a key tool to meet
these objectives.

Public authorities have also aligned with this approach. In the context of public
procurement of goods and services, the Ministry of the Environment has implemented an
action plan to enhance the environmental sustainability of public administration consumption.
This plan is designed to promote and expand Green Public Procurement (GPP), which directs
the purchase of goods and services through the application of Minimum Environmental
Criteria (CAM, 2018). These criteria are legal requirements aimed at guiding purchasing
processes toward the most environmentally beneficial solutions over the lifecycle of a product
or service, including monitoring market availability and offerings (e.g., footwear).

Certification processes in the leather industry define environmental sustainability
criteria based on three key principles: control of processed raw materials, process efficiency,

and pollution prevention and control. Examples of these efforts include:

— Adherence to specific programs such as the ZDHC MRSL Program, which manages
chemical products to avoid the use and registration of banned substances in leather

production, in compliance with brand-specific requirements.

— LWG (Leather Working Group) certification, issued by a leading global non-profit
responsible for environmental certification in the leather manufacturing industry. LWG
certification is the most widely recognized in the sector, with over 1,300 members across
the leather value chain, including brands, tanneries, leather traders, manufacturers of
leather goods (such as clothing, footwear, and furniture), as well as suppliers of
chemicals, machinery, and testing services. LWG sets best environmental practices and

provides continuous improvement guidelines.

11
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- Certification under UNI EN 11427:2015, "Leather — Criteria for defining the
performance characteristics of leather with reduced environmental impact." This
standard defines process indicators and their maximum reference values for each stage
of production. Environmental indicators are set for resource consumption (water,
electricity, including renewable sources, thermal energy, and chemical use) and
processing outputs (waste, air emissions, emissions from thermal power plants).

Requirements are differentiated between vegetable tanning and other tanning processes.

—  Certifications for supply chain traceability, which ensure transparency regarding the

origin of materials used in production.

- UNIENISO 14001:2015, the general environmental management systems certification,
setting requirements and guidance for implementing effective environmental

management systems.

- EMAS Regulation No. 1221/2009, the EU’s Eco-Management and Audit Scheme, a
voluntary tool available to companies and organizations (both public and private, within

or outside the EU) to evaluate, report and improve their environmental performance.

The approaches based on these methodologies described above allow the definition of
organizations focused on environmental performances, but do not allow a general view of
production processes or an effective intrasectoral comparison. For this reason, in the last
decade, the Life Cycle Assessment (LCA) according to ISO 14040 / ISO 14044 standards
approach has been preferred. LCA is a holistic methodology that define a method to analyze
the environmental impacts of a product or process from “cradle to grave”, that is from raw
material extraction to end-of-life disposal or reuse/recycle. LCA approach provides four
phases that are: the identification of the scope, the definition of the Life Cycle Inventory, the
Life Cycle Impacts Assessments, the interpretation of the results.

Once identified the scope, such as product impact comparison or the definition of an
EPD, the process mapping and the production layout are defined to carry out the Life Cycle
Inventory (LCI). This activity includes the collection of data on all the inputs involved into
production (e.g., raw materials, energy, water) and into the produced outputs (e.g., emissions
during transportation or incineration at end of life, solid wastes) for each process in the

product's life cycle. Subsequently, the Life Cycle Impact Assessment (LCIA) is carried out

12
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transforming the input/output data previously collected into environmental impact categories,

such as:

— Climate Change, that measures the emissions of greenhouse gases (e.g. CO2, CHa, N20)

expressed in kg CO2-equivalent, that is the potential contribution to global warming.

— QOzone Depletion, expressed in kg CFC-11-equivalent, that accounts for substances that

deplete the stratospheric ozone layer.

— Human Toxicity, Cancer Effects that, expressed in comparative toxic units for humans

(CTUh), provides an estimation of long-term exposure to carcinogenic substances.

— Human Toxicity, Non-Cancer Effects that, expressed in comparative toxic units for
humans (CTUh), provides impacts from non-carcinogenic substances (e.g. heavy metals,

solvents).

— Particulate Matter / Respiratory Inorganics, expressed as disease incidence or DALY,

that measures health effects from fine dust particles (e.g. PMz.s, PMio).

— lonizing Radiation — Human Health, expressed in kBq U235 eq. or DALY assesses

exposure to ionizing radiation from sources such as nuclear power.

— Photochemical Ozone Formation (Smog), expressed in kg NMVOC-equivalent (non-
methane volatile organic compounds) refers to the formation of harmful ground-level

ozone due to VOC and NOx emissions.

— Acidification (Terrestrial and Freshwater), expressed in mol H* equivalent, provides an

evaluation of acid rain effects on soil, vegetation, and infrastructure.

— Eutrophication — Freshwater, expressed in kg P-equivalent, that measures nutrient

enrichment (mostly phosphorus) in freshwater bodies.

— Eutrophication — Marine, expressed in kg N-equivalent, that determines nitrogen-driven

eutrophication in marine environments.

— Eutrophication — Terrestrial, expressed in mol N-equivalent, that considers nutrient

overload (nitrogen) in soil ecosystems.

13
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— Ecotoxicity — Freshwater, expressed in comparative toxic units for ecosystems (CTUe),

that quantifies the potential toxic effects of pollutants on freshwater ecosystems.

— Land Use, expressed, for example, in m?-per year, that provide an estimation of land

occupation, transformation or degradation.

— Water Use, expressed in m? that assesses the direct and indirect consumption of

freshwater.

— Resource Use — Energy Carriers, expressed in MJ or kg oil-equivalent, that measures the

depletion of fossil fuels and other energy resources.

— Resource Use — Minerals and Metals, expressed in kg Sb-equivalent (antimony

equivalents), that estimates the use of non-renewable mineral and metal resources.

s 4/\@1.

: Use and STEP1
Raw Materlal Consumption Goal and scope
definition
\ . STEP 2 stepa |
,\ -P\ Inventory Interpretation
analysis (LCI)
Manufacturmg Transportatlon \ [ l
Productlon ‘

STEP 3
Impact analysis

(LCIA)

[[I]c..>

Disposal and Recycling

Figure 5 - LCA Assessement Scheme

The final phase of a Life Cycle Assessment (LCA) is the interpretation of the results (Figure
5). During this phase, the findings from the LCIA are analyzed and evaluated to draw
meaningful conclusions and support decision-making. The goal is to identify the most
significant environmental impacts, check the robustness of the data and assumptions and
highlight areas where improvements can be made.

Two of the most widely used among these are the Carbon Footprint and the Water

Footprint. While LCA evaluates multiple environmental indicators simultaneously, these tools

14
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allow for a deeper understanding of particular impact categories, making them especially
useful for targeted environmental strategies and communication. The Carbon Footprint
focuses solely on greenhouse gas emissions and their contribution to climate change. It
measures the total amount of emissions (expressed in carbon dioxide equivalents - COz¢) that
are associated with a product, service, or organization over its entire life cycle. This includes
not only direct emissions, such as those from fuel combustion, but also indirect emissions
from electricity use and upstream processes, like raw material extraction and transport. The
methodology is based on international standards such as ISO 14067 for products and the GHG
Protocol for organizational assessments. By quantifying climate impact in a clear and
standardized way, the carbon footprint is a powerful tool for identifying emission hotspots
and developing effective reduction strategies. Similarly, the Water Footprint addresses the
use and impact of freshwater resources throughout a product’s life cycle. Governed by ISO
14046, this methodology accounts for different types of water use: blue water (surface and
groundwater), green water (rainwater stored in soil), and grey water (the volume needed to
dilute pollutants). In addition to measuring total consumption, the water footprint considers
the geographical context, which is crucial for assessing the true environmental significance of

water use, especially in regions where water scarcity is an issue.

3. Product Environmental Footprint (PEF)

The Product Environmental Footprint (PEF) is a standardized methodology developed
by the European Commission to assess the environmental impacts of products throughout their
life cycle. It is based on Life Cycle Assessment (LCA) principles and aims to provide
consistent, transparent and comparable environmental performance data for products in the
EU market and align with EU policies like the Green Deal. It includes 16 mandatory
harmonized environmental impact categories and uses Product Environmental Footprint
Category Rules (PEFCRs) to enable fair comparison between products (EU, 2018).

PEFCRs ensure that all relevant life cycle stages are covered and that calculations are
based on high-quality, relevant data. One of the key principles of the PEF methodology, in
fact, is ensuring high data quality, with a strong preference for primary data, that is, data
directly collected from the company or its contractors. The PEFCRs specify that such data
should be applied to all activities that fall under the company's operational control, particularly

those that account for a significant share of the product's total environmental impact. To have
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a suitable effective representation of product environmental impact, data based on preliminary
evaluations should be typically at least the 70 %, so to cover “core activities” like
manufacturing, on-site energy consumption, internal logistics, and waste treatment managed
directly by the company.

However, in practice, obtaining detailed and reliable company-specific data for all
relevant processes is not always feasible, especially when the supply chain is complex or
certain processes are outsourced or take place upstream. In these cases, the methodology
allows for the use of secondary data, but under defined conditions.

When primary data is not available, the secondary data can be collected from
published databases, literature, or PEFCR-recommended datasets. This data must meet the
data quality requirements defined in the PEF guidelines, which include aspects such as
technological representativeness, geographical representativeness, temporal
representativeness and completeness and consistency. For solid secondary data collection, the
PEFCRs often provides a list of approved background datasets or databases that are
considered appropriate. In some cases, PEFCRs provides default datasets for commonly used
processes (e.g. transport, packaging materials, electricity mix), which may be used when no
primary data is available. In any case this secondary data shall be used only after justification

and the reasons shall be documented.

4. PEF Meta-Model for leather production

To assess the environmental impact of the reference automotive leather tanning and to
evaluate the potential benefits achievable through process optimization described in the next
paragraphs, a tool (SSIP’s “Faibenelapelle”) has been developed that establishes a calculation
model for assessing the environmental footprint of leather products in accordance with the
PEFCRs - Leather (April 2018).

For the purposes of this part of the study, this tool allows the complete evaluation of
an entire tanning process as sum of the single process phase, that means it allows the isolation
of the contribution of the single tanning one. The Leather PEFCRs define the life cycle of the
production of 1 m? of leather, including the upstream phases of “farming”, “slaughterhouse”

and “preservation,” as well as the leather tanning process itself (core process), as illustrated

in Table 2. In addition, the PEFCR identifies the pre-production phase of “transport,” referring
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to all transport activities related to the delivery of raw hides to the tannery site. In Table 2 the

details of processes to be considered in the PEFCRs are reported.

STAGE PROCESSES

Farming Breeding of animals, including:

— Feed cultivation.

— Feed products preparation.

— Animal breeding.

— Energy and water consumption for animal raising.
— Manure management.

Slaughtering Animals are professionally slaughtered and flayed (separating the hides or skins from
the carcases).

Preservation Immediately after the animal has been slaughtered, the flayed skin can be subjected to
preservation processes to avoid putrefaction. Preservation, i.e. salting, is carried out by
specialized companies.

Tanning Transformation of hides/skins in finished leathers through production processes that
can take place at different locations depending on the mix of in-house production and
third parties commissioned work. Within the core processes, all tanning activities are
considered.

From the input side:

— Raw hides and skins supply and consumption.

— Energy production and consumption.

—  Water consumption.

—  Chemical production, supply and consumptions.

— Packaging materials production, supply and consumption.

From the output side:

— Wastewater generation

— Wastewater treatment, either performed inside or outside the organization.
— Waste generation and treatment.

— Air Emissions.

— Splits when applicable (flesh and middle splits, when destined to tanning).

Table 2 - PEFCR — Leather processes

4.1.  Methodological approach and assumptions for the meta-model

For the definition of the calculation tool, the fanning process was defined and
developed at a more detailed level than that required by the PEFCR itself, thanks to the direct
involvement of a “model tannery” that enabled the detailed classification of individual

processes and provided the primary data essential for the quantification of environmental
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impacts. The tanning process was therefore broken down into several macro-groups, each
containing multiple leather processing steps, so that the final structure of the calculation model

related to the core tanning stage was defined by the following steps:

— Analysis of the tanning process carried out at a model tannery referring to the production
of three different leather items, covering all stages of the process that are not outsourced
to subcontractors. This allowed for direct access to all primary data related to the process.
The three selected references were chosen because they represent three different
processing types for bovine hides. The three production processes were integrated to

develop a meta-model capable of representing one or the other type of processing.

— The production process based on the model tannery was schematized in the form of a
flow diagram to identify, among all the variable elements, the key ones to be implemented
in the meta-model to ensure the required flexibility to characterize a specific production

(eg. wet-white tanning).

— Finally, the meta-model was internally validated by assessing the environmental

performance of the three reference leather articles produced by the “model tannery”.

- Subsequently, for the purpose of the project, given the initial operational impossibility of
involving an Automotive tannery, the meta-model was designed based on chrome-tanned
bovine hides and was later integrated with information related to the production of

glutaraldehyde-tanned hides.

In the model, the life cycle stages included were the following:

- Livestock farming and slaughtering, consisting of a single dataset in which the
allocation factors defined by the PEFCR are already set, so that no primary data needs to

be provided for the relative evaluations.

- Hide Preservation, included only for hides transported in salted form. In this case, too,

no primary data is required from the client.

- Transport: Since the hide supply is company-specific, it is necessary to collect all related

data, as detailed in the parameter list (Section 5.4).

- Tanning process, subdivided into the following blocks:
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1.  Beamhouse: the listed processes are modelled as a single aggregated process with input
data including the kg of hide to be processed (to obtain 1 m? of finished leather from block
12), all chemicals, energy, and water, and with outputs including emissions and, for block

1b, salt that may be classified as waste or co-product:

la — Beamhouse operations for fresh raw hides, including trimming, soaking,
green fleshing, and unhairing and liming.
1b — Beamhouse operations for salted raw hides, including trimming,

soaking, green fleshing, liming and unhairing.

2 — Mechanical operations post-liming, including fleshing, splitting, and trimming. These are
modelled in a series, with the output of one process serving as input for the next. Each process
has associated to energy consumption, emissions, yield, and a specific source of electricity, as

each can be subcontracted. The model includes the transport for hides sent to subcontractors.

3 — Tanning preparation includes deliming, bating, degreasing, and pickling. All these
operations take place in drums and are modelled as a single aggregated process with input
data (kg of hides, chemicals, energy, water) and emissions as output. Electricity source

selection is also included.

4 — Trimming of hides purchased in pickel: this process is considered only when hides are

bought pickled. It may be subcontracted and does not require specifying electricity source.

5 — Tanning operations, includes tanning, draining, and rinsing. This is modelled as a single
aggregated process requiring input data (chemicals, water, energy) and output (process yield).

The electricity mix may be specified.

6 — Mechanical operations post-tanning includes pressing, wet splitting, wet shaving, and
trimming. This block is mutually exclusive with block 2 (splitting is done either post-liming
or post-tanning). The four processes are modelled in series, with consumption, emissions,

yield, and electricity source assigned to each. Transport to subcontractors is included.
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7 — First selection: involves initial quality sorting of hides. This phase does not involve energy

consumption as it is performed manually.

8 — Retanning and dyeing operations, includes neutralization, retanning, dyeing, fatliquoring,
draining and rinsing. This is modelled as a single aggregated process with input data

(chemicals, water, energy) and output (yield). The electricity mix can be selected.

9 — Drying: this macro-block may include several drying processes. Given the variability of
processes, the model includes four generic drying processes where primary data (including
electricity source and consumption) can be entered. Although multiple drying methods can be
modelled, they refer to the same input quantity of hide; these are not serial processes with
individual yields. The yield is calculated as the total kg of hide output from “block 9” divided
by the total kg of hide input into the block. Water consumption is also reported as an

aggregated value for the block. The processes have been classified as:

- Hanging dry (drying and stretching using roller systems).

- Overhead chain (hides suspended on a moving system in a ventilated space).
— Vacuum drying (drying under vacuum on heated plates).

— Heated tunnel (drying in controlled hot air tunnels).

- Centrifuge (water removed by centrifugal force).

- Controlled drying (in closed, temperature-controlled chambers).

10 — Dry mechanical operations: This macro-block includes various processes such as
toggling, staking, buffing, polishing, flattening, embossing (raised patterning) and others. Due
to the wide variety of possible operations, the model includes five generic processes, each
associated with its own specific electricity source, energy consumption and potential air
emissions, since these operations can be performed by subcontractors. Water consumption
data, however, is aggregated. The model also allows for the inclusion of transport data related
to subcontractor operations. Starting from process 10 and continuing into 11, the reference

flow shifts from kilograms of processed leather to square meters of leather.
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11 — Finishing: As with macro-blocks 9 and 10, this block may include several operations.
The model defines five generic processes arranged in series. Three of these are modeled as
chemical coating processes with quantified consumption of chemicals, energy, and water, as
well as emissions of particulate matter and VOCs. The remaining two are physical processes
that require only electricity and water as inputs and may produce particulate emissions as

outputs. These finishing processes are not associated with a yield value.

12 — Trimming and measuring: Trimming involves removing peripheral imperfections from
the leather, such as scraps or irregularities. In this macro-block, total energy consumption for
these operations is defined, as well as transport data if performed by subcontractors. The user
must also select the electricity mix used. A global yield value is included in the performed

processes.

13 — Other parameters: This macro-block includes facility-level aggregated parameters such
as: natural gas consumption for thermal energy production, diesel use for internal leather
transport, general electricity consumption (warehouses, offices, services, etc.), wastewater
production and treatment from the entire tanning process, and different categories of

packaging waste (paper, plastic, and hazardous waste).

In Figure 6, the flow chart of the entire tanning process used in the modeling is
reported. Furthermore, Table 3 presents the main characteristics of the study for which the
meta-model was configured (in line with the specifications of the Leather PEFCR), along with

the key assumptions and methodological choices underlying the calculation model.

21



Rosario Mascolo — Universita degli Studi di Brescia — DIMI - PhD XXXVII CICLO

a3and3s3dd
STVOIW3IHD
d3lvm
/A943N3

h]

m o o

= o =

o m m

T i o

o T

S 2 5

o ] ]
m =

(7 » ©

GREEN
FLESHING

2 - MECHANICAL OPERATIONS

TRIMMING

FLESHING SPLITTING TRIMMING

' LIMED TRIMMINGS

1b - BEAMHOUSE (OR LIMEYARD) OPERATIONS FOR FRESH RAW HIDES AND SKINS

FLASHINGS ) LIMED SPLITS

SOAKING &
SALT REMOVAL

TRIMMING UNHAIRING LIMING

FLESHING

TRIMMING ) HARS ) FLASHINGS )

5-TANNING OPERATIONS 4 3- PRE-TANNING OPERATIONS
L DE-
r RINSING DRAINING TANNING |, TRIMMING PICKLING GREASING BATHING DELIMING

6 - MECHANICAL OPERATIONS AFTER TANNING 7 - FIRST SELECTION

PRESSING SPLITTING SHAVING TRIMMING » FIRST SELECTION

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
((7annEDSPLITS ) TANNED SHAVINGS ) (GGanneoTRmminGs ) |
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|

8- POST-TANNING OPERATIONS (WET FINISHINGS)

NEUTRALISATION RETANNING DYEING FAT LIQUORING DRAINING RINSING »
9-DRYING
GLASS SHEET VACUUM RESETTING /
HOT ROLLER TUNNEL TOGGLING POLE TUNNEL OVERHEAD DRYER SUMMING

10 - DRY FINISHING MECHANICAL PROCESSES

BUFFING / DRY MILLING
STAKING DEDUSTING (SOFTENING) POLISHING PLATING EMBOSSING
12 - SELECTION AND MEASURING 11 - FINISHING

TRANSFER ROLLER CURTAIN SPRAY PADDING /
HINSING DHAINING TANNING HONING COATING COATING COATING COATING BRUSHING

E
-
m
(7]

Figure 6 - Flow diagram of the tanning process stages

SHILYM
JLSYM




Rosario Mascolo — Universita degli Studi di Brescia — DIMI - PhD XXXVII CICLO

ELEMENT DESCRIPTION
Software used GaBi — Version 10.0.0.71

. Product Environmental Footprint Category Rules (PEFCR) Leather. Final version 25 April 2018 Product
Compliance

Environmental Footprint Category Rules Guidance. Version 6.3, May 2018

Declared unit

1 m? of finished leather (ready for distribution)

System boundaries

Cradle to gate (i.e., including all upstream processes leading to the production of 1 m? of finished leather,
excluding all downstream stages such as distribution, use, and end-of-life)

Reference flow

Defined at the entrance of the tanning process as the amount of material needed for 1 m? of finished
leather as output. This value is calculated from primary tannery data (total amount of raw hides purchased
during the reference year divided by the total m? of finished leather produced in the same year). If such
primary data is not available, the PEFCR provides default values to be used in the model. Throughout
the tanning process, this quantity changes due to yield losses in various processes and always represents
the quantity to which all consumption and emissions are related in the different processing steps. Between
macro-block 10 (mechanical dry processing) and block 11 (final finishing), the reference flow is
converted from kg of processed leather to square meters. For block 11, all consumption and emissions
are therefore reported per m? of processed leather.

Multifunctionality

Circular Footprint Formula (CFF); CFF parameters: Annex C of PEFCR Guidance v6.3

Methodological
approach for co-
products

Outputs such as hair and grain or split layers are classified by the PEFCR as co-products. The approach
adopted follows the PEFCR, which provides allocation factors based on protein content (9 % for hair; 31
% for split; 60 % for grain). Other outputs that the model tannery classifies as co-products but for which
no PEFCR approach is suggested have not been modelled.

Methodological
approach for
leather waste

Waste generated from processing tanned leather, particularly from mechanical operations (trimming,
shaving, buffing, and possibly splitting), has been classified by the model tannery as waste. The most
conservative methodological choice was adopted for these: disposal via incineration as hazardous waste,
due to the lack of data on recovery processes.

Handling of site-
level aggregated
data

If data is only available aggregated at the site level and cannot be attributed specifically to the processing
of the assessed product, allocation is done based on the square meters of leather produced. For example:
annual methane gas consumption of X m*/year and total production of Y m*/year would result in a specific
consumption of X/Y m3/m?.

Modelling of
wastewater pre-
treatment

This is a process present in the reference tannery but may not be present elsewhere. It is considered a
site-level aggregated data point, with its consumption and emissions reported per m? of leather, calculated
by dividing annual totals by the total m? of finished leather produced in the reference year. The model
allows energy consumption input for this stage (representative of the forced aeration phases) and oxygen
consumption. The two outputs from pre-treatment were modelled based on the following assumptions:

* Screenings (solids separated during screening) are disposed of in landfills for biodegradable materials
(as they are mostly composed of leather and meat residues).

* Sludge from forced aeration is not assigned a specific end-of-life treatment, as the volume of sludge is
not subtracted from the total wastewater volume (in m?®). The entire wastewater flow is assumed to be
treated in a municipal water treatment plant, as suggested by the PEFCR. The dataset used already
includes sludge treatment from water sedimentation.

Leather transport

For transport processes, the PEFCR requires primary data collection for the raw hide supply distance. In
the meta-model, the purchase of fresh and salted raw hides is kept separate. For each of the two types of
hides, it is necessary to identify:

* All supply distances (in the case of multiple suppliers);

« For each supplier, the transported quantity: i) by truck; ii) by refrigerated truck; iii) by ship.

The life cycle stage of transport includes these supplies as well as the transport from slaughterhouses to
preservation sites. Due to a lack of information, the following assumptions were made in the model:

* Fresh hides are assumed to be transported directly from the slaughterhouse to the tannery.

« Salted hides are assumed to be first transported from the slaughterhouse to the preservation site (using
PEFCR default distance), then from the preservation site to the tannery (using primary data collected at
the tannery).

Capital goods Not included in the study.

Although PEFCR doesn’t allow any cut-offs, consumption of cleaning detergents and machine lubricants
Cut-off . . oL . .

were not considered for their negligible impact compared to chemical consumption.
Packaging for The PEFCR considers the supply of chemicals as primary data to be collected from the tannery. Due to

chemical supply

the wide range of chemicals used and the need to limit model parameters, packaging data for the model
tannery’s products was kept fixed. Thus, no primary data collection is required.

Other packaging

Not included.

Table 3 - Characteristics of the calculation model and assumptions
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4.2.

Modeling of Chemical Substances

Chemical products represent one of the most variables characteristics in the entire

tanning process. With reference to the flow diagram of Figure 6, chemicals are used as inputs

in the following macro-blocks:

la and 1b - for beamhouse operations for fresh and salted raw hides,
3 - in pre-tanning operations,

5 - in tanning operations,

8 - in re-tanning and dyeing operations

11 - in finishing operations.

To model each chemical substance, for each process, the following steps were taken involving

the collection of primary data:

The tannery compiled a list of chemical substances divided by macro-block, identifying

each one by its commercial name.

For each substance, the technical data sheet has been analyzed to identify the main

component of the chemical product in terms of composition.

Then, to model the product, this information was cross-referenced with Table 36 in
Annex 7 “Default values of the PEFCR”: for each product, the compound category was
defined based on its function (e.g., acids, degreasing agents, dyes, etc.) and subsequently
it was assigned to one of the compound families specified by the PEFCR. Finally, the
most appropriate representative substance proposed by the PEFCR was identified. Once
the representative substance was selected, Table 36 also indicates the EF

(Environmental Footprint) background dataset to be used for modeling.

The primary data collected at the tannery for modeling each chemical substance includes:

The specific consumption of each chemical, defined for all processes (except macro-
block 11) as the amount of chemical needed to process 1 kg of input hide (expressed

as kg cuemicar / kg uig). For macro-block 11, the specific consumption is referred to
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the square meter of processed leather (kg cuemicar / m? LeaTther). These specific

consumption values can be directly provided by the tanning process recipe.

- Based on the analysis of the technical data sheet of the specific chemical substance,
the tannery should also provide the percentage concentration of the main component
of the product to which the PEFCR representative substance can be associated. If this
information is not available, as a second option the default concentrations reported in
Table 4 may be used. It is important to note that, according to the PEFCR, the
remainder of the chemical product (i.e., the percentage not represented by the

representative substance) is modeled as water.

- The distance of the supplier for the chemical product.

To simplify the model and limit the number of parameters, compared to the primary data
required by the PEFCR, the types and quantities of packaging associated with the supply of
chemicals and the transportation mode have been kept fixed. Therefore, when a chemical is
selected from the list, the type of primary packaging and its specific quantity (expressed as kg
PRIMARY PACKAGING / kgcuemicar) defined by the model tannery is directly aggregated with it.
This simplification is also supported by the negligible life cycle impact of the packaging of

the chemicals used.

FAMILY o TIVE PROCESS composiTION M Q2ELLING
Adipic Adipic acid 100.0% 1
N _ Citric acid 50.0%
El)y:ﬁfriﬁ-czrkgiz)llc acids  Citric Water, tap 50.0% 1
gag Lactic Lactic acid 80.0% 1
Water, tap 20.0%
N Hydrochloric acid 30.0%
Hydrochloric acid Water, tap 70.0% 1
. . L Phosphoric acid 17.0%
Strong mineral acids Phosphonic acid Water, tap 83.0% 3
Phosphoric acid Phosphoric acid 100.0% 1
Sulfuric acid Sulphuric acid 100.0% 1
Strong organic acids L Acetic acid 98.0%
(fixing agent) Acetic acid Water, tap 2.0% !
Strong organic acids Oxalic acid dehydrate Adipic acid 100.0% 4
(clearing agent)
Strong organic acids Formic acid Formic acid 85.0% |
(pickling and fixing agent) Water, tap 15.0%

Table 4 - Example of chemicals (acids) from Table 36 Default values of the PEFCR, guideline table
for the modelling of chemicals
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4.3.  Modelling of the electricity mix

The choice of the electricity mix is the same across all macro-blocks, but within some
of them, the mix can also be selected at the individual process level. Its definition involves the
introduction of parameters, as shown in Table 5. With reference to the block /a and based on

the availability of supply information, the following options are possible:

1. Ifthe percentage breakdown of the energy mix is available as primary data, along with
the necessary supporting documentation, the required mix percentages will be defined
as follows: 1la Ecarbon, 1la Enat gas, 1la Eother, 1la Epetrol, 1la ERES.

If this information is not available, a value of 0 must be entered.

2. Specify the source of renewable energy between the two main types, by entering the
appropriate value for parameter la Eselec GO: indicate whether it is wind energy

and/or hydroelectric energy.

3. Use the residual electricity mix (i.e., the total annual national electricity mix [Italy]

minus the share represented by cancelled guarantees of origin).

Select the national electricity mix only as a last option, as established by the PEFCR hierarchy.
This applies if a Guarantee of Origin (an electronic document certifying that a specific share
of energy comes from renewable sources) is available. In the absence of certified sources (e.g.,
when not indicated on the electricity bill), the residual electricity mix is used by default. This
represents the national annual electricity mix for Italy, excluding the share covered by
cancelled guarantees of origin. All tanneries consulted during model development either lack
detailed information on their electricity sources or provide data without sufficient geographic
detail. Therefore, the residual mix is used as the standard approach.

To these four options, the possibility of integrating self-produced photovoltaic
electricity has been added (as in the case of the model tannery). If there is no on-site
photovoltaic production, a value of 0 is entered for the parameter 1la E PV, and the total
specific electricity consumption for the operation (always expressed in kWh/kg, except for
macro-block 11) is entered under the parameter la E. Otherwise, if photovoltaic self-
production is present in addition to one of the four previously described sources, the total

specific electricity consumption of the operation should be split in two contributions:
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- In la E, the specific consumption from purchased electricity should be entered,

calculated as: total specific consumption of the operation x % of purchased energy

over the total consumption.

- In Ia E PV, the specific consumption covered by photovoltaic self-production

should be entered, calculated as: total specific consumption of the operation x % of

self-produced energy over the total consumed.

PARAMETER

ID

PARAMETER DESCRIPTION

Modelling selection

_la_Eselec

n. code for electricity switch [1] specific mix, [2]
national mix IT, [3] residual mix, [4] GO

Guarantee origin (GO): source selection

_la_Eselec_ GO

n. code for source switch [1] wind, [2] hydro

[kWh/kg] Electricity consumption per kilogram of

Amount la E : -
- - input skin
Amount (on site electricity generation from la E PV [kWh/kg] electricity consumption from photovoltaic
PV) - == (on site electricity generation from PV)
Specific mix: power from carbon _la_Ecarbon [%] percentage power from carbon
Specific mix: power from natural gas _la Enat_gas [%] percentage power from natural gas

Specific mix: power from nuclear

_la_Enuclear

[%] percentage power from nuclear

Specific mix: power from other sources

(waste) _la Eother [%] percentage power from other sources (waste)
Specific mix: power from petrol _la Epetrol [%] percentage power from petrol
Specific mix: power from renewable la ERES [%] percentage power from Renewable Energy

resources

Sources

Table 5 - Parameters for the electrical mix. Example for block la

With reference to the process of the block /a, in Table 5 the parameters of the electrical mix

that shall be considered are reported.

5. Free-metal glutaraldehyde tanning for automotive

Glutaraldehyde (CsHsO-, see Figure 7) tanning was developed in the early 1959 in the
United States at the Eastern Regional Research Center (ARS, ERRC) and in the 1960 was
patented (U.S. Patent No. 2,941,859, 1960). It quickly became the most widely adopted metal-

free alternative to chrome tanning, primarily due to the substance high-water solubility, an

essential property for wet processing stages carried out in drums, its commercial availability

and relatively low cost. Glutaraldehyde tanned leathers are classified as “metal-free”, as

defined by European Standard EN 15987:2015, according which “metal-free” leathers are
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those in which the total content of tanning metals (chromium Cr, aluminum Al, titanium Ti,
zirconium Zr and iron Fe), as determined in accordance with EN ISO 17072-2:2019, does not

exceed 0.1 % by mass relative to the dry weight of the sample.

HWH

Figure 7 - Molecular structure of glutaraldehyde

For over 30 years, glutaraldehyde tanning has been one of the most widely used
technologies in automotive leather production. The choice is motivated both by environmental
concerns related to end-of-life and by performance-related aspects of the material. From the
sustainability point of view, the use of glutaraldehyde as tanning agent reduces the potential
risk of chromium VI formation, which has been always considered a significant concern in
automotive applications, minimizing the presence of undesirable metallic residues at the end
of the product's life cycle. This applies both from the point of view of the disposal of the
finished product (e.g. seats or dashboard covered in leather) and to tannery solid waste such
as shavings. However, glutaraldehyde itself has been recently included in the European
Chemicals Agency (ECHA) Candidate List of substances of very high concern for
authorization. Despite its inclusion in the Candidate List, it could be safely handled in
industrial processes, implementing appropriate risk management measures to protect workers,
consumers and the environment. For this reason, it remains widely used in many sectors,
including the automotive industry.

From the material performances point of view, one of the key reasons for its use is
related to its resistance to environmental stresses. Glutaraldehyde-tanned leather demonstrates
the best performance in terms of surface dimensional variation resistance under alternating
conditions, in comparison with chrome tanned leathers. These characteristics are critical for
automotive interiors, where materials must endure extreme thermal (cold and heat) and humid
conditions. Regarding these properties, automotive manufacturers, such as Maserati or
Porsche, enforce very strict technical specifications, as many interior defects including leather
wrinkling and detachment from the underlying substrates are attributed directly to insufficient
thermal and dimensional stability of the leather. For leather for interiors (seats, dashboards or

trims) one of the most common tests consists in subjecting the material to several alternate
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cycles of high and low temperatures combined with high humidity, after which the maximum
dimensional change of the sample shall be less than 10%. Figure 8 shows the ageing cycle
diagram of the test described in the Maserati specification .DSPM 020:2018 that, for the
qualification of a leather batch, provides a requirement of 11 % of surface variation after 30
cycles at the following conditions: (4 £ 0.2) hours at (10 £ 2)°C and (90 + 5)% relative
humidity, (2 + 0.2) hours at (120 + 2)°C with a maximum of 20% relative humidity (1 cycle).
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Figure 8 - Alternate ageing test for dimensional stability according to Maserati LDSPM 020:2018

About the reaction mechanism between glutaraldehyde and skin collagen, it is not yet
fully understood. However, as for all aldehyde-based tanning agents, it has been established
that crosslinking reactions are involved. These occur between the aldehyde functional groups
and the amino groups of lysine or hydroxylysine residues, which are located on the lateral

chains of collagen fibers (Figure 9).

(0] QH (0]

HoN \/\/\HJ\OH HQN\/\/\HJ\OH
NH, NH;

(a) (b)

Figure 9 - (a) Lysine; (b) Hydroxylysine
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Glutaraldehyde contains two aldehyde groups and is therefore capable of reacting with two
amino groups. When these groups belong to different polypeptide chains, inter-chain
crosslinking occurs, resulting in a tanning effect. The chemical reactivity increases by rising
pH above the isoelectric point of collagen and optimal tanning is typically achieved by raising
the pH of the tanning bath to values above 8. Furthermore, efficient crosslink formation
requires close proximity between polypeptide chains and direct interaction between the amino
and aldehyde groups (Figure 10). Due to the relatively low abundance of lysine in collagen
(approximately 1 in every 21 amino acids), the probability of effective crosslinking is limited.
As a result, glutaraldehyde tanning yields lower hydrothermal stability than chrome one.
Indeed, glutaraldehyde-tanned leathers typically have a shrinkage temperature (75) slightly
above 80 °C, while chrome-tanned one exceed 100 °C (EN ISO 3380) (Sammarco U., 2011).

N_
_coo-  He=
|
—00cS HCH
—NH3 HCH

|
—N///CH TH3N-

HaN* -00C

Figure 10 - Glutaraldehyde crosslink between adjacent polypeptide chains

In tanning processes, glutaraldehyde is typically used at concentrations of 2 — 3 % of
a 25 % or 50 % solution. Compared to other dialdehydes, it demonstrates superior reactivity
and achieves a higher bath exhaustion rate, meaning that the residual aldehyde concentration
in the bath is usually only a few percent. In solution, in fact, glutaraldehyde reacts not only
with collagen but also with other proteins present in the bath. It is only partially degradable
and exhibits high toxicity when unbound. In wastewater streams, if glutaraldehyde remains
unreacted with proteins, it can interfere with biological treatment processes due to its biocidal
properties (Sammarco U., 2011).

A typical formulation to produce automotive bovine leather is reported in Table 6. This

formulation has been considered for the quantification of the environmental impact of
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glutaraldehyde tanning according to PEFCR methodology. In Figure 11 an image of bovine

leathers in wet state after glutaraldehyde tanning is reported.

% PRODUCT TCC) (TDI;‘]% OPERATIONS / CHECKS
Pickling

50 Water 20

— Salt — 10 d=6.5°B¢

0.5 HCOOH 85% — 20

1.2 H2S04 96% — 120 pH 2.8-2.9 (section passed)
Tanning

3.0 Glutaraldehyde 25% — 30

0.5 Synthetic fatliquor 70% — 90

2.5 Solid synthetic tannin — 60

2.0 Sodium acetate (powder) — 30

0.5 Sodium bicarbonate — 60 pH 4.0-4.2

0 TeMTS — = fmonsiely et o b o
150 Water 25 — Drain

0.5 Sodium bisulfite — 30 Drain

Table 6 - Recipe of a glutaraldehyde tanning for bovine leathers

Figure 11 - Wet-White Glutaraldehyde tanned leather
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6. PEF Quantification for Automotive Glutaraldehyde Tanning

The developed metamodel, as described in paragraph 5, enabled the calculation of
environmental impacts for the entire leather tanning process, with the possibility of
extrapolating the contributions of individual processes or subprocesses. This makes it possible
to intervene at each stage to identify potential alternatives or more rational solutions from a
sustainability perspective. By quantifying the environmental impacts, companies can improve
their awareness and understanding of their specific environmental footprint, allowing them to
adjust process inputs to optimize production and selectively reduce their contributions.

As described above, the glutaraldehyde tanning was not conducted in the “model
tannery” and the quantification of the impacts has been carried out by substitution of the
tanning agents of the recipe reported in Table 6 in the modeling of the chemical substances.
With reference to tanning process described in block 5 of the developed meta-model, the

environmental impacts defined in the PEFCRs is reported in the following Table 7.

ENVIRONMENTAL IMPACT UNIT VALUE
Acidification terrestrial and freshwater Mole of H+ eq. 6,76E-03
Climate Change (biogenic) kg CO; eq. 8,88E-04
Climate Change (fossil) kg CO; eq. 1,08E+00
Climate Change (land use change) kg CO; eq. 2,67E-04
Ecotoxicity freshwater CTUe 1,17E+00
Eutrophication freshwater kg P eq. 5,70E-05
Eutrophication marine kg N eq. 8,37E-04
Eutrophication terrestrial Mole of N eq. 7,94E-03
Cancer human health effects CTUh 1,08E-08
Non-cancer human health effects CTUh 6,43E-08
Ionising radiation - human health kBq U235 eq. 6,40E-02
Land Use Pt 3,46E+01
Ozone depletion kg CFC-11 eq. 3,51E-07
Respiratory inorganics Disease incidences 6,40E-08
Photochemical ozone formation - human health kg NMVOC eq. 3,15E-03
Resource use, energy carriers MJ 2,15E+01
Resource use, mineral and metals kg Sb eq. 3,59E-06
Water scarcity m?® world eq. 1,30E+00

Table 7 - PEFCR Environmental Impacts for the Glutaraldehyde tannage
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7. Hydrothermal stability of leathers using DMA techniques

As above, to verify the efficiency of the crosslinking by tanning agents is quantified
by means of the shrinkage temperature (7s) that represents the hydrothermal stability of
leather. The official EN ISO test method to assess this parameter is the ISO 3380:2015
(IULTCS/IUP 16) that provides the immersion of a rectangular leather test piece in a vessel
under iso-strain conditions using a special specimen holder. The test is conducted with a
controlled temperature ramp of 2 °C £+ 0.2 °C per minute starting from ambient temperature
up to boiling. One of the clamps on the specimen holder is moveable and connected to a
precise displacement measuring device (e.g., a millesimal dial comparator) capable of
detecting movements with an accuracy of 0.15 mm. When shrinkage occurs, the indicator
moves. The temperature Ts corresponding to a contraction of 0.3 % is recorded as the
hydrothermal stability of the sample.

This test method, however, has some critical aspects that can affect the results in terms
accuracy that, for this part of the study, is considered a very important issue in order to
accurately detect small variations in the shrinkage temperature as a function of the
glutaraldehyde concentration during the tanning process. The ISO 3380 does not require a
device equipped with an automatic detection system; for this reason, on one side, if there is
not an automatic means to assess the temperature when contraction occurs, the measurement
is directly related to the visual assessment of the analyst. On the other hand, many commercial
devices have problems in compliance with ISO 3380 in maintaining constant the rate of
heating in the tolerances indicated in the standard (2 + 0.2 °C/min) that is one of the key
parameters of the test. For this reason, for a more accurate assessment of shrinkage
temperature a novel and alternative instrumental test method using DMA has been validated.
The DMA technique was chosen for its high sensitivity in detecting deformations and applied
loads and its precise control over the temperature ramp. In particular, the TA Instruments
DMA (e.g., model 850 used in the present study) offers a displacement resolution as low as
I nm and a force sensitivity of up to 10 uN, with an operating range up to 18 N. These
specifications enable highly accurate detection of mechanical transitions, even in materials
with minimal deformation responses. Moreover, the integrated data acquisition and analysis
software minimizes user-dependent variability, ensuring repeatable and objective results. In
literature, alternative methods to ISO 3380 have been already studied, but they do not follow

perfectly the key parameters of the standard. For example, a method has been proposed based

33



Rosario Mascolo — Universita degli Studi di Brescia — DIMI - PhD XXXVII CICLO

on a modification of a Dynamic Mechanical Analyzer (DMA) applied to test specimens
immersed in water, which is heated in increments of 5°C every 10 minutes and the
hydrothermal stability is determined by recording the temperature at which a displacement of
the specimens due to shrinkage is observed (Cohen et al., 2000). Another study investigated
a test method in which the shrinkage temperature is determined using isometric tension
measurements by integrating a load cell into a device compliant with ISO 3380. During the
heating process, the strain versus temperature relationship is recorded, and the shrinkage
temperature is identified by analyzing the peak in the derivative of the stress curve with respect

to temperature (Esteban et al., 2021).

Figure 13 - DMA 850 of TA instrument that is equipped with a submersion film clamp
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In the development of the test method the key technical elements of the ISO 3380 have been
identified and reproduced with a specific setting of the DMA to guarantee comparability of

the results with the traditional device. These key elements are:

—  Iso-strain condition: to ensure suitable flat condition and a uniform mechanical
condition on the sample during heating,

— Controlled heating rate: of 2 °C/min for the accurate determination of the shrinkage
point,

— Sensitive displacement measurement: enabling an early detection of dimensional
change,

- Shrinkage threshold of 0.3 %, used as the reference for the shrinkage temperature.

In Figure 12 and Figure 13 a device compliant to ISO 3380 produced by Giuliani Tecnologie
and the DMA model 850 of TA instrument used are reported.

DMA testing has been carried out using a submersible tensile clamp for polymeric
films with an integrated temperature sensor, so that clamped test pieces are totally immersed
in water for the entire duration of the test. DMA has been set in iso-strain conditions after the
application of a 0.05 newtons preload so that the test piece results properly distended during
the test; this condition is necessary to detect the first contraction due to shrinkage. The
shrinkage temperature was instrumentally determined from the load/temperature curve by
identifying the onset point. The onset point refers to the temperature at which the first
measurable change in the material's mechanical response occurs, indicating the beginning of
shrinkage. It is defined as the intersection between the baseline and the tangent to the curve at
the initial slope deviation. This method allows for an objective and reproducible identification
of the start of the shrinkage process, minimizing operator influence.

To verify the performance of the DMA instrumental method compared to a traditional
device, a test series consisting of 10 replications was conducted. Both automatic and manual
temperature assessments were considered in the case of the traditional device with an accuracy
of 0.1 °C. Those tests have the scope to identify eventual differences in the repeability related

to the direct measurement of the analyst.
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Tests series have been carried out on the glutaraldehyde wet-white leather produced
using the traditional recipe of Table 6. In accordance with ISO 3380, to consider the anisotropy
of leather, test pieces have been cut from whole leather in two different directions according
to ISO 2418 that are with the longer edge of test pieces parallel and perpendicular to backbone.

For the comparison of the results, each dataset was statistically analyzed by verifying
the normality of the distributions using the Shapiro - Wilk test and identifying potential
outliers through both one-sided and two-sided Grubbs’ tests. After the identification of the
outliers, the repeability standard deviation (s,) and repeability limit () have been assessed for
each level of each method. For the verification of the performances of the tests, no precision
data is available in literature or in the ISO 3380 standard; for this reason, the acceptability
criteria related to tests in repeatability conditions have been based on the estimation of the

expanded uncertainty (U) according to the following requirements:
- compliance with the relationship » < 2U.
- fixing a guard band (g) equal to 0.83 x U, the performance of the method must be such
as guarantee that the ratio between g and the average value is less than or equal to 0.5.
For the estimation of expanded uncertainty (U), the following contributions were considered:
- experimental uncertainty (Eq. 1), where the correspondent variance for the combined

uncertainty has been corrected with the ratio N/m, that is the samples number in

repeability experiment (N = 10) divided by the routine number of replications indicated

in 1SO 3380 (m = 4):
. 2
uy = (Rt (Eq. 1)

- Calibration uncertainty of the thermometers.

—  Resolution uncertainty (a = 0.1 °C), having a rectangular distribution (Eq. 2):

Uug = (Eq. 2)

36



Rosario Mascolo — Universita degli Studi di Brescia — DIMI - PhD XXXVII CICLO

- Sampling uncertainty, related to anisotropy of leather in sampling area, that is

supposed to have a rectangular distribution (Eq. 3):

Ug =

Xmax—Xmin

V3

(Eq. 3)

The expanded uncertainty U has been determined using a coverage factor (k) that corresponds

to a 95 % level of probability at the specific degree of freedom.

STATISTIC DMA AUTO MANUAL
AVERAGE VALUE Xm 73.6 73.9 74.6
REPEABILITY STANDARD DEVIATION Sr 0.21 0.54 0.71
ROUTINE SAMPLE NUMBER m 4 4 4
DEGREE OF FREEDOM v 9 9 9
P-value 1.13 0.79 0.33
SHAPIRO-WILKS NORMALITY TEST w 0.88 0.96 0.91
HO Accepted Accepted Accepted
G1,n (Largest) 0.973 1.839 1.185
G1,1 (Smallest) 1.947 1.319 1.636
ONE-SIDED GRUBBS' TEST Sk,Lk (0.05) 2.290 2.290 2.290
Sk,Lk (0.01) 2.482 2.482 2.482
Outliers No No No
G2;n-1,n 0.737 0.371 0.654
G2;1,2 (Smallest) 0.355 0.636 0.318
TWO-SIDED GRUBBS' TEST Sk,Lk (0.05) 0.186 0.186 0.186
Sk,Lk (0.01) 0.115 0.115 0.115
(Largest) No No No
(Smallest) No No No
COMBINED UNCERTAINTY Ucombined 0.9 1.4 2.0
COVERAGE FACTOR k 2.26 2.26 2.26
EXPANDED UNCERTAINTY U 2.1 32 4.6
REPEATABILITY LIMIT r 0.7 1.7 23
REPEATABILITY VS UNCERTAINTY r<2U Verified Verified Verified
GUARD BAND g 1.7 2.7 3.8
GUARDBAND ON AVERAGE VALUE e/Xm 0.02 0.04 0.05
GUARDBAND CRITERION g/Xm < 0.5 Verified Verified Verified

Table 8 - Statistical analysis for test pieces parallel to the backbone
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STATISTIC DMA AUTO MANUAL
AVERAGE VALUE Xm 73.2 73.8 74.3
REPEABILITY STANDARD DEVIATION Sr 0.41 0.66 0.65
ROUTINE SAMPLE NUMBER m 4 4 4
DEGREE OF FREEDOM v 9 9 9
P-value 0.396 0.7665 0.6819
SHAPIRO-WILKS NORMALITY TEST W 0.92 0.95 0.95
HO Accepted Accepted Accepted
Gl.n (Largest) 0.971 1.409 1.225
G1.1 (Smallest) 2.196 2.076 1.837
ONE-SIDED GRUBBS' TEST Sk.Lk (0.05) 2.290 2.290 2.290
Sk.Lk (0.01) 2.482 2.482 2.482
Outliers No No No
G2;n-1.n 0.738 0.556 0.632
G2;1.2 (Smallest) 0.221 0.357 0.328
Sk.Lk (0.05) 0.186 0.186 0.186
TWO-SIDED GRUBBS' TEST
Sk.Lk (0.01) 0.115 0.115 0.115
(Largest) No No No
(Smallest) No No No
COMBINED UNCERTAINTY Ucombined 1.3 1.7 2.9
COVERAGE FACTOR k 2.26 2.26 2.26
EXPANDED UNCERTAINTY U 2.8 3.8 6.6
REPEATABILITY LIMIT r 1.3 2.1 2.1
REPEATABILITY VS UNCERTAINTY r<2U Verified Verified Verified
GUARD BAND g 24 3.1 5.5
GUARDBAND ON AVERAGE VALUE g/Xm 0.03 0.04 0.07
GUARDBAND CRITERION g/Xm < 0.5 Verified Verified Verified

Table 9 - Statistical analysis for test pieces perpendicular to the backbone

In Table 8 and Table 9 the results of the statistical analysis for test pieces cut in parallel

and perpendicular direction to the leather backbone are reported for each test series. In

particular, the results marked as “Auto” and “Visual” (or “Manual”) correspond to the analysis

carried out using the traditional device for shrinkage temperature using both the automatic and

the visual assessment. In the first section, the general statistics are reported, while in the

second one the results of the normality and outliers’ tests have been shown. Finaly, in the third

section, the results of the acceptability criteria related to repeatability and uncertainty of

measurement are reported. With reference to the results, all the distributions comply with the

Shapiro-Wilk’s normality test and no outliers have been found using one sided and two-sided

Grubbs’ tests. About the repeability performances, in all cases the criteria on repeability limit

versus expanded uncertainty and guard band criteria have been complied.
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In terms of repeability and uncertainty, Table 8 and Table 9 show that the novel DMA
method provides the greater accuracy, which is crucial in this part of the study for detecting
small variations in the shrinkage temperature resulting from changes in the concentration of
the glutaraldehyde tanning agent. To validate the consistency of data obtained using DMA
with those derived from the equipment specified in the ISO 3380 method, the average values
and their respective confidence intervals calculated by applying the guard band were
compared. As can be seen from the comparison (Figure 14), the data obtained with the DMA

are consistent with the reference data obtained with the equipment reported in ISO 3380.

(a)

@ DMA
4 Manual

71,0 72,0 73,0 74,0 75,0 76,0 77,0 78,0

Temperature (°C)

(b)

@ DMA
€ Manual

T T T T 1

70,0 72,0 74,0 76,0 78,0

Temperature (°C)

Figure 14 - Comparison of average values and confidence intervals data using the guard
band for (a) parallel and (b) perpendicular test pieces

In the end, to visualize the difference in the results, a comparative box plots analysis

is reported in Figure 15. Box plot analysis was performed to visualize the distribution of the
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data, highlighting the median, interquartile range, and potential outliers. This method allows
for a clear comparison between groups in terms of central tendency, variability, and the

presence of extreme values through the following parameters:

- Median (Q2): the central line inside the box, representing the 50th percentile of the data.

- First quartile (Q1): the lower edge of the box, corresponding to the 25th percentile.

—  Third quartile (Q3): the upper edge of the box, corresponding to the 75th percentile.

- Interquartile range (IQR): the difference between Q3 and Q1 (IQR = Q3 - Ql),
representing the spread of the central 50% of the data.

—  Whiskers: lines extending from the box to the smallest and largest values within 1.5 X

IQR from the quartiles.
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72,0 = = —
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Figure 15 - Box Plot analysis for (a) parallel and (b) perpendicular test pieces
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The analysis highlights the following:

— The interquartile ranges (IQR, the box) overlap in all cases, even if for the transverse
specimens of DMA and Automatic assessment according to ISO 3380, it is minimal.

— In any case the median falls into the box of the other sample. However, all medians
appear to be within the range of comparative sample data.

— In all cases, the data distribution was more dispersed for the visual assessment method
according to the ISO 3380 standard, while it was less dispersed for the DMA test
method in both sampling directions.

— In all cases, the DMA test method yielded lower shrinkage temperature values
compared to the automatic assessment using the ISO 3380 device. The highest values

were consistently obtained through visual/manual assessment.

From the results above it is possible to conclude that the application of the DMA method
yielded shrinkage temperature results comparable to those obtained using both modes of the
ISO 3380 standard (automatic equipment and manual or visual assessment). The data
demonstrate that the use of DMA improves the accuracy of thermal measurements. For this
reason, the DMA-based method will be adopted for testing leathers tanned with increasing
concentrations of glutaraldehyde. The higher precision of the technique allows for more
effective detection of subtle variations in hydrothermal stability as a function of tanning agent

concentration, thereby enhancing the sensitivity and reliability of the analysis.
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8. Tanning Optimization and Environmental Impact Assessment

In order to reduce the wastewater load and achieve a more sustainable process,
laboratory-scale tanning trials were carried out by modifying the concentration of the
glutaraldehyde tanning agent (Figure 16). The effectiveness of crosslinking was evaluated by
determining the shrinkage temperature. Two whole raw hides have been cut in correspondence
of the sampling area reported in ISO 2418. For each tanning condition, three to four hide strips
with a total mass of approximately 600 — 700 grams were processed using the formulation of
Table 6. A commercial glutaraldehyde-based tanning agent was used at a standard
concentration of 25%, which served as the baseline recipe and was subsequently reduced by

25% and 50% in the following process trials.

Figure 16 - Laboratory-scale tanning drums

At the end of the processes, shrinkage temperature of leather has been assessed
according to the DMA method described above and the residual glutaraldehyde in the tanning
bath has been assessed using HPLC method. For the preparation of the sample, the tanning
bath has been filtered through a 0.45 pm membrane to remove particulate matter. An aliquot
of the filtrate was then subjected to derivatization with 2,4-dinitrophenylhydrazine (DNPH)
under acidic conditions, forming stable hydrazone derivatives of the aldehyde functional

groups. This derivatization step enhances detectability and selectivity during chromatographic
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analysis. The HPLC analysis was carried out using a reverse-phase C18 column, with the
mobile phase typically consisting of a mixture of acetonitrile and water (in isocratic or
gradient mode, depending on method optimization). The flow rate was set at 1.0 mL/min, and
the column temperature was maintained at 30 °C. Detection was performed using a UV-Vis
detector set at 360 nm, which corresponds to the maximum absorbance of the glutaraldehyde-
DNPH hydrazone complex. Quantification was achieved by comparing the peak area of the
sample with those from calibration standards prepared with known concentrations of
glutaraldehyde. The results were expressed in mg/L of free aldehyde in the tanning bath. This
method ensures accurate monitoring of residual glutaraldehyde, providing critical data for
assessing tanning efficiency and wastewater impact.

Table 10 and Figure 17 report the results of the analysis at the different concentration of

tanning agents.

PRE TANNING VALUES POST TANNING VALUES

SKIN GTA0.25 WATER | GTA RESIDUAL FIXED .
N. ® %) @) 1) St.Dev 1y (op) TECC)  St.Dev
SAMPLE1 681 1.5 0.272 1.50 0.55 96% 709  0.32
SAMPLE 2 655 2.25 0.262 3.38 0.41 94% 720 0.40
SAMPLE3 663 3.0 0.265 4.50 0.68 94% 732 0.21

Table 10 - Results of glutaraldehyde tanning trials
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Figure 17 - Shrinkage Temperature and residual GTA in the bath at different concentrations
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The reduction in tanning agent concentration leads to a decrease in shrinkage temperature
(Tg). However, it provides environmental benefits by lowering the amount of glutaraldehyde
used, as shown in the Table 11. Process optimization therefore enables a more efficient use of

resources, resulting in improved environmental performance.

ENVIRONMENTAL IMPACT UNIT GLUTARALDEHYDE 0.25
3.00 % 225 % 1.50 %

Acidification terrestrial and freshwater Mole of H+ eq. 6.76E-03 -1% 3%
Climate Change (biogenic) kg CO; eq. 8.88E-04 -4 % 9%
Climate Change (fossil) kg CO; eq. 1.08E+00 2% 5%
Climate Change (land use change) kg CO; eq. 2.67E-04 2% -4 %
Ecotoxicity freshwater CTUe 1.17E+00 0% -1%
Eutrophication freshwater kg P eq. 5.70E-05 2% -4 %
Eutrophication marine kg N eq. 8.37E-04 2% -4 %
Eutrophication terrestrial Mole of N eq. 7.94E-03 2% 5%
Cancer human health effects CTUh 1.08E-08 2% -4 %
Non-cancer human health effects CTUh 6.43E-08 2% 3%
Ionising radiation - human health kBq U235 eq. 6.40E-02 3% -6 %
Land Use Pt 3.46E+01 0% 0%
Ozone depletion kg CFC-11 eq. 3.51E-07 0% 0%
Respiratory inorganics Disease incidences 6.40E-08 -1% 3%
Photochemical ozone formation - human health kg NMVOC eq. 3.15E-03 2% 5%
Resource use, energy carriers MJ 2.15E+01 -4 % -8%
Resource use, mineral and metals kg Sb eq. 3.59E-06 2% 3%
Water scarcity m?® world equiv. 1.30E+00 0% 0%

Table 11 - PEFCR Environmental Impacts for the different concentrations of glutaraldehyde

It is important to note that the Product Environmental Footprint (PEF) methodology only
accounts for input quantities and does not evaluate the quality of wastewater discharges. In
this context, using lower glutaraldehyde concentrations also results in significantly reduced
levels of residual aldehydes in the bath, which contributes to improved performance in
wastewater treatment and reduced environmental impact. Considering a large industrial drum
with a capacity between 6,000 and 8,000 liters capable of processing approximately 100
bovine hides, the amount of glutaraldehyde present in the wastewater (excluding contributions

from other substances) can be reduced to approximately 25 % and 65 % compared to the
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reference formulation. This corresponds to a reduction of about 0.5 to 1.0 kg of chemical
products, resulting from process optimization for a single a drum load of 100 hides. Such a
decrease leads to significant benefits during the wastewater treatment phase, due to the lower

residual aldehyde load entering the depuration system.

N .. — 3.00%
Eutrophication (fw) Ecotoxicity
N . ; 2.25%
Eutrophication (marine) Climate Change (land)
— 1.50%
Eutrophication (terr.) Climate Change (fossil)
Cancer risk Climate Change (bio)
Non-cancer risk Acidification
lonising radiation Water scarcity
Land Use Mineral resource use
Ozone depletion Energy resource use
Respiratory issues Photochem. ozone

Figure 18 - PEFCR Environmental Impacts diagram for the different concentrations of glutaraldehyde

9. Leather production and Compliance to .DSPM 020:2018

This section reports the verification of compliance with the Maserati .DSPM
020:2018 specification for automotive interior leathers. The purpose of this assessment was
to confirm that, beyond considerations related to sustainability and material circularity, the
optimized tanning and finishing process results in a product fully compliant with the technical
and performance requirements defined for premium automotive interiors.

Following the tanning phase, the wet-white leather was subjected to a complete leather
processing cycle, including retanning, dyeing, fatliquoring, and finishing, in accordance with
the standards and performance requirements established for automotive interior applications.
A total of five full hides were produced under controlled laboratory conditions and
subsequently tested according to the methods and parameters specified in the Maserati
LLDSPM 020:2018 specification. In this specification, the results are reported for each
sampling area and direction — Longitudinal (L) and Transverse (T) to the backbone —

following the procedures defined in the respective EN ISO test methods and in the technical
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specification itself. This approach ensures that the evaluation fully represents the mechanical

and surface performance across the entire hide, providing a reliable assessment of product

conformity.
DETERMINATION TEST UNIT REFERENCE VALUE
METHOD
Finishing thickness — Specimen No. 1 18
Finishing thickness — Specimen No. 2 EN ISO 17186 pm <30 21
Finishing thickness — Specimen No. 3 19
Tensile strength — L (Bend) 11.2
Tensile strength — T (Bend) 10.4
Tensile strength — L (Shoulder) 11.5
Tensile strength — T (Shoulder) 14.1
. EN ISO 3376 MPa >10
Tensile strength — L (Belly) 13.1
Tensile strength — T (Belly) 10.9
Tensile strength — L (Butt) 11.2
Tensile strength — T (Butt) 133
Elongation at break — L (Bend) 57
Elongation at break — T (Bend) 47
Elongation at break — L (Shoulder) 49
Elongation at break — T (Shoulder) 51
. EN ISO 3376 % >40 and <60
Elongation at break — L (Belly) 52
Elongation at break — T (Belly) 41
Elongation at break — L (Butt) 53
Elongation at break — T (Butt) 44
Elongation at 20 newtons — L (Bend) 7
Elongation at 20 newtons — T (Bend) 8
Elongation at 20 newtons — L (Shoulder) 6
Elongation at 20 newtons — T (Shoulder) 6
. EN ISO 3376 % >3and <10
Elongation at 20 newtons — L (Belly) 8
Elongation at 20 newtons — T (Belly) 9
Elongation at 20 newtons — L (Butt) 8
Elongation at 20 newtons — T (Butt) 7
Surface tensile strength EN ISO 3379 mm >7 10.4
Tear load — L 34
EN ISO 3377-1 N >25
Tear load — T 30
Stitch tear resistance — L 81.6
. . EN ISO 23910 N >80
Stitch tear resistance — T 86.2

Table 12 - Compliance to . DSPM 020:2018, Mechanical tests
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DETERMINATION TEST METHOD UNIT REFERENCE VALUE
Dry finish adhesion — L11 16.0
Dry finish adhesion — L12 15.4
Dry finish adhesion — L21 11.1
Dry finish adhesion — L22 10.2
ENISO 11644 N/10 mm >4
Dry finish adhesion — T11 14.5
Dry finish adhesion — T12 8.9
Dry finish adhesion — T21 9.7
Dry finish adhesion — T22 11.4
Wet finish adhesion — L11 7.9
Wet finish adhesion — L12 7.0
Wet finish adhesion — L21 6.1
Wet finish adhesion — L22 8.2
ENISO 11644 N/10 mm >25
Wet finish adhesion — T11 7.3
Wet finish adhesion — T12 7.1
Wet finish adhesion — T21 6.4
Wet finish adhesion — T22 6.2
Table 13 - Compliance to . DSPM 020:2018, Adhesion of finishing results
DETERMINATION TEST METHOD UNIT REFERENCE VALUE
Flex resistance — 100,000 cycles = 100,000/ No No
damage damage
Flex resistance after cold conditioning (-10 °C) — ENISO 5402-1 O.V. =10,000 / No No
10,000 cycles damage damage
Flex resistance after heat and humidity ageing — =10,000 / No No
10,000 cycles damage damage
. . . oV =1,800 / No No
Taber abrasion after cyclic ageing — EN ISO 17076-1 e damage damage
Surface effects after 1,800 cycles (CS10, 1 kg)
Index >4 4.5
Martindale abrasion with metal balls — Number of ENISO 17076-2 Number <13 30
breaks after 1,000 cycles
Determination of surface soiling (EMPA 128) — 5 5
1,000 cycles without cleaning
Determination of surface soiling (EMPA 128) —
1,000 cycles after 24 h at 23 °C with cleaning ENISO26082-1 - Index 33 45
Determination of surface soiling (EMPA 128) — 3 4

1,000 cycles after 24 h at 80 °C with cleaning

Table 14 - Compliance to I.DSPM 020:2018, Surface resistance tests
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DETERMINATION TEST METHOD UNIT REFERENCE VALUE
Colour fastness to heat and high humidity EN ISO 17228, 7G Index >4.5 5.0
Colour fastness to cyclic ageing EN ISO 17228, 8B Index >4.5 5.0
Colour fastness to phenolic yellowing ENISO 105-X18 Index >4 5
Colour fastness to artificial light (3 cycles) EN ISO 105-B06 Index > 5
Colour degradation by dry rubbing Cycles / Index >4.5 5
Colour transfer by dry rubbing ]E:HOIOS(? C}lzil6e ig) Cycles / Index 4.5 5
Surface effects by dry rubbing Cycles/ O.V. No effect No effect
Colour degradation by wet rubbing Cycles / Index >4.5 5
Colour transfer by wet rubbing E(I\SI ég ?yi:llfsé;o Cycles / Index >4 4.5
Surface effects by wet rubbing Cycles / O.V. No effect No effect
Colour degradation by perspiration rubbing Cycles / Index >4.5 5
Colour transfer by perspiration rubbing EN SO 11640 Cycles / Index >4 5
(100 cycles)
Surface effects by perspiration rubbing Cycles / O.V. No effect No effect
Colour degradation by ethanol rubbing Cycles / Index >4 5
Colour transfer by ethanol rubbing El\i 51 Sc(;cllels§40 Cycles / Index >4 5
Surface effects by ethanol rubbing Cycles / O.V. No effect No effect
Table 15 - Compliance to LDSPM 020:2018, Colour fastness tests
DETERMINATION TEST METHOD UNIT REFERENCE VALUE
Pipe test with lamination — L (Bend) 3.0
Pipe test with lamination — T (Bend) 2.5
Pipe test with lamination — L (Belly) 2.5
Pipe test with lamination — T (Belly) VDA 230-205 3.0
Pipe test with lamination — L (Shoulder) (Method A) Index =2 3.5
Pipe test with lamination — T (Shoulder) 3.5
Pipe test with lamination — L (Butt) 4.0
Pipe test with lamination — T (Butt) 3.5
Table 16 - Compliance to .DSPM 020:2018, Loose grain effects results
DETERMINATION TEST METHOD UNIT REFERENCE VALUE
Shrinkage tension at high temperature — L (Bend) 65
Shrinkage tension at high temperature — T (Bend) 55
Shrinkage tension at high temperature — L (Shoulder) LDSPM.020 Pa <85 71
Shrinkage tension at high temperature — T (Shoulder) §6.2.22 79
Shrinkage tension at high temperature — L (Butt) 48
Shrinkage tension at high temperature — T (Butt) 55

Table 17 - Compliance to LDSPM 020:2018, Shrinkage tension results
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DETERMINATION ME%EI?)D UNIT REFERENCE VALUE
Flame propagation rate — Specimen 1 0
Flame propagation rate — Specimen 2 ENISO 17074 mm/min > 100 0
Flame propagation rate — Specimen 3 0
Flame resistance EN 1021-1
Hazardous progressive combustion [3.1a)] No
Test assembly exhausted [3.1b)] No
Slow combustion up to the edge [3.1¢)] No
Slow combustion through the entire thickness [3.1 ¢)] V. —No No
Slow combustion lasting more than one hour [3.1d)] No
Final examination — presence of active smouldering [3.1¢)] No

Table 18 - Compliance to . DSPM 020:2018, Fire resistance results

DETERMINATION TEST METHOD UNIT REFERENCE VALUE
Surface shrinkage by heat <5 4.9
Surface shrinkage by heat and humidity EN ISO 17130 % 4.0
Surface shrinkage by cyclic ageing 4.7
Average thickness (Bend) 1.26
Average thickness (Belly) 1.39
. EN ISO 2589 mm >land<1.4

Average thickness (Shoulder) 1.17
Average thickness (Butt) 1.24
Gravimetric fogging ENISO 17071 mg <5 4.1

Table 19 - Compliance to . DSPM 020:2018, other physical tests
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Chapter 2:
Recycle Solid Wastes for AM

techniques

1. Introduction

In line with circular economy principles, the use of TPU-based the production of
composites for Fused Filament Fabrication (FFF) has been selected as a possible solution to
recycle glutaraldehyde-tanned leather shavings into new composite materials for additive
manufacturing. In the present part of the study, after a brief overview on Additive
Manufacturing (AM) with a focus on the Fused Deposition Modeling (FDM) family of
technologies and specifically on Fused Filament Fabrication (FFF), in this part of the study

the following topics will be described:

— Characterization of leather shavings waste, that is the evaluation of physical and
chemical properties to ensure that they do not present harmful substances to be used

as by-product for FFF applications.

- Morphological characterization of ground leather particles, with reference to the

particle size distribution.

— Preparation and characterization of TPU-composites with varying filler
concentrations, and different particle size, with reference to mechanical, thermal, and

rheological properties.
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- A specific methodology was employed to produce filament and the evaluation of FFF
printability, aimed at verifying the suitability of TPU-leather shavings composites for

additive manufacturing via FFF.

Each type of analysis was correlated with specific issues of FFF, in order to establish direct
relationships with the typical challenges encountered during the printing process. This
systematic approach aims to demonstrate the technical feasibility and environmental relevance

of converting leather waste into printable, functional materials for advanced manufacturing.

2. Introduction to Additive Manufacturing techniques

Additive Manufacturing (AM), commonly referred to as 3D printing, includes a series
of technologies to produce objects by sequentially adding material layer-by-layer based on
digital models. This contrasts with traditional subtractive manufacturing methods where
material is removed from a solid block to obtain the desired shape and geometry. AM offers
significant advantages, including the ability to produce complex geometries, reduce material
waste and enable rapid prototyping and customization. These capabilities have led to its
adoption across various industrial sectors, including aerospace, automotive, healthcare, and

consumer goods (Gibson et al., 2015).

2.1 Fused Filament Fabrication (FFF)
According to the standard ISO/ASTM 52900:2021 “Additive manufacturing —

General principles — Fundamentals and vocabulary”, AM processes are categorized into
different groups. Among them, Material Extrusion (ME) is one of the most used for its
simplicity, scalability and versatility, particularly for the application of thermoplastic
polymers. Material Extrusion (ME) refers to additive techniques in which material is
selectively dispensed through a nozzle where it solidifies to form an object.

Fused Filament Fabrication (FFF), also known commercially as Fused Deposition Modeling
(FDM), is the most widely adopted ME technique. It uses a continuous thermoplastic filament,
which is fed into a heated head, melted and deposited layer-by-layer along the defined
toolpaths (Ngo et al., 2018). In Figure 19 a schematic representation of FFF is reported (Ida
et al., 2022).
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Figure 19 - (a) Scheme of FFF processes and (b) example of layer-by-layer component

During the extrusion process, if the pressure remains constant, the extruded material
(the extruded lines are commonly defined as “roads”) will flow at a constant rate and will
maintain a uniform cross-sectional shape and area. The layer diameter remains constant if the
nozzle extrudes the polymer at a constant speed that corresponds to the flow rate. The material
that is being extruded must be in a semisolid state when it comes out of the nozzle and must
fully solidify while remaining in that shape. Furthermore, the material must bond to the
previously deposited one so that a solid layer-by-layer structure can result (Dizon et al., 2018).
In this process, the filament thermoplasticity plays a fundamental role because it determines
the ability of the filament to bond during the printing process and then solidify at room
temperature after printing.

One of the main strengths of FFF technology is its material versatility. In fact, a wide
range of thermoplastics and composite filaments are available, having different characteristics
suitable for different industrial or commercial applications. The process is simple, cost-
effective, and supported by a wide range of materials , from polymers like PLA, TPU and
ABS to engineering-grade one like polycarbonate, nylon and TPU (Al-Zaidi and Al-Gawhari,
2023). Furthermore, as with other additive manufacturing (AM) processes based on material
extrusion, Fused Filament Fabrication (FFF) also enables multimaterial printing, thereby

expanding design flexibility and functional integration.
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PRINT.
MATERIAL TEMP KEY PROPERTIES ADVANTAGES LIMITATIONS
(WY
PLA (Polylactic Acid) 180-220 Rigid, blqdegradable, Easy to print, good Brl.ttle, low heat
low warping surface finish, low odor resistance

Warps easily, emits
fumes, needs
enclosure

ABS (Acrylonitrile
Butadiene Styrene)

Strong, heat-resistant,

220-250 Tough, impact-resistant widely used

Tough, slightly

PETG (Polyethylene : . Strong layer adhesion, ~ Tends to string, less

Terephthalate Glycol) 220-250 fle>.(1ble, moisture- chemical resistance rigid than PLA
resistant

TPU/TPE (Thermoplastic Flexible, abrasion- Durable, good for Slow print speed,

210-240 . gaskets and soft L
Polyurethane / Elastomer) resistant stringing issues
components

Nylon (PA — Polyamide) 240-270 Stropg, durable, H1gh wear and fatigue  Highly hygros.coplc,
flexible resistance prone to warping
High strength and heat Impact-resistant, Requires high temp

PC (Polycarbonate) 260-310 resistance transparent and heated chamber

ASA (Acrylonitrile Styrene 240-260 UV and weather- Great for outdoor parts,  Still prone to warping

Acrylate) resistant similar to ABS without enclosure

PP (Polypropylene) 230-250 Flexible, chemical- Durable, good for living Poor bed adhesion,

resistant, lightweight  hinges and containers high warping

PVA (Polyvinyl Alcohol)  180-200 Water-soluble support Excellent for complex  Sensitive to moisture,

material multi-material prints expensive
Carbon Fiber Composites Lightweight, stiff, High strength-to-weight Abrasive to nozzles,
200-250 : ; may cause
(e.g., PLA+CF) matte finish ratio .
delamination

Table 20 - Examples of materials printable with FFF techniques

2.2 Thermoplastic Polyurethane (TPU) in FFF

Thermoplastic Polyurethane (TPU) belongs to the family of thermoplastic elastomers
and is characterized by a unique molecular structure consisting of alternating soft and hard
domains. Soft domains are characterized by flexible chains, typically polyester- or polyether-
based, that provide elasticity and a low glass transition temperature (Tg); at room temperature
they remain amorphous and mobile, enabling the material to elastic deformation. Hard
domains are formed by diisocyanate-based blocks and extended chains with urethane groups.
Due to their strong ability to establish hydrogen bonding, they tend to aggregate, creating
semicrystalline or pseudo-crystalline microphases dispersed within the soft matrix. These
rigid domains act as reinforcing sites and physical cross-links imparting mechanical stability
and abrasion resistance, thereby making TPU highly suitable for demanding applications

where resistance to mechanical wear is essential.
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Owing to this balance of properties, TPU has become a prominent material in additive
manufacturing, particularly in Fused Filament Fabrication (FFF), where it enables the

production of functional components requiring resilience and flexibility.

/\/-

mmm Hard segment

—— o
~— Soft segment ==== Hard domain

Figure 20 - Schematic representation of TPU structure

Printing with TPUs on FFF machines is a challenging task. The low stiffness of the filaments
induces buckling and hinders the extrusion control (Gilmer et al., 2018a), which is intensified
the softer the material. Owing to its softness, TPU demands slower print speeds and optimized
extrusion systems (preferably direct-drive extruders) to prevent filament buckling and under-
extrusion. Moreover, stringing and dimensional inaccuracy are common issues if printing
parameters are not properly tuned. The interlayer adhesion is highly dependent on printing
orientation, infill strategy, and the use of contour lines; inadequate bonding can lead to
delamination and reduced mechanical strength. Despite these limitations, TPU remains
attractive for functional components such as seals, gaskets, and flexible hinges, where its
elasticity and resilience are essential.

Furthermore, TPU exhibits strong compatibility with a broad range of fillers, including bio-
based materials, positioning it as a promising matrix for the valorization of organic residues
from industrial and agricultural waste streams. In recent years, several studies explored the
incorporation of natural fillers into TPU as new materials for additive manufacturing
applications. Examples include cork particles derived from industrial waste, which have been

used to produce lightweight and thermally insulating filaments with good printability (Alvarez

54



Rosario Mascolo — Universita degli Studi di Brescia — DIMI - PhD XXXVII CICLO

Gomez et al., 2023) and wood flour, which, when blended with TPU, improved stiffness and
dimensional stability while maintaining adequate processability (Bi et al., 2018). Further
developments include TPU blends with thermoplastic starch (TPS) to enhance
biodegradability (Lai et al., 2006) and composites reinforced with agricultural residues such
as rice husk and microcrystalline cellulose (MCC), which improved thermal and mechanical
performance (Mengeloglu and Cavus, 2020).

In this paper, the possibility of using TPU-leather waste compounds as feedstock material for
Fused Filament Fabrication (FFF) has been investigated, introducing them as a novel circular

material within the additive manufacturing framework.

3. Leather waste preparation and characterization

In this section, the analyses carried out on the shavings from glutaraldehyde tanning are
reported. Specifically, the investigations focused on two main aspects: on the one hand, the
chemical and ecotoxicological characterization, performed in compliance with current
legislation (with particular reference to European regulations) as well as sector-specific
requirements, in order to classify the waste as by-products suitable for recycling; on the other
hand, the morphological and structural features were examined to assess the effects of
Additive FFF processing conditions and to identify potential physical and morphological
issues of the particulate when used as a filler for TPU in FFF.

3.1 Morphological Characterization of ground leather

When solid leather waste is directly used as a filler for polymeric matrices, mechanical
disaggregation processes such as milling or grinding are required to obtain fibrillar,
particulate, or powdered forms. The definition of the particle size distribution is crucial, as it
strongly influences the interfacial interactions between the filler and the matrix, and
consequently the overall properties of the final composite. Since particles with irregular
shapes cannot be adequately described by a single dimensional parameter, a more complex
parametric analysis is necessary to properly define their geometry and, therefore, their specific
surface area. This is particularly relevant in the case of ground leather particles.

This aspect was considered to evaluate whether a high fraction of large particles could

lead to imperfections in the printed samples or cause nozzle clogging. In addition, the
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definition of a method capable of characterizing particle surface features, rather than relying
solely on 2D approximations, was addressed in order to better understand the effects of
particle dimensions within the composite filament for FFF.

To verify the efficiency of grinding process and the dimensions of ground particles, a
cost-effective image-based test method has been studied for the assessment of the Particle
Size Distribution (PSD). The method involves a digital image capture of particulate using an
optical microscope and the subsequent image processing using an open-source image editing.
In general, the determination of particle size using other image editing software such as
Matlab, Imagel or Photoshop, could be carried out. In the present study, free open-source
software for image editing was adopted. The GIMP software was selected since it owns image

manipulation features suitable for the scope of the research.

®)

(©)
Figure 21 - Grinder (a), glutaraldehyde shavings (b) and ground leather particles (c)

Before grinding, shavings have been dried in oven at 50 °C for 24 hours to eliminate the excess

of humidity and volatile substances that could determine problems of agglomeration particles,
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the subsequent denaturation of collagen due to the heating of device knives and, so, the
impossibility to grind the material. After the conditioning at the temperature above, shavings
have been reduced in powder/fibrous state with a grinder model Pulverisette 19 manufactured
by Fritsch (Figure 21) using three different sieve dimensions: 0.5 mm, 1.5 mm and 4.0 mm.
According to ISO 4044 for the preparation of test samples for chemical tests on leather,
grinding has been carried out at 400 r/min, that allows a maximum temperature below 40 °C.
Direct characterization of the powder immediately after grinding is not feasible; a
pretreatment step involving dispersion in a suitable solvent is required beforehand. The
sample powder has been dispersed in ethanol with a ratio of 1:1000 in weight in a Falcon test
tube. After agitation of the test tube, the dispersion was transferred into large Petri dishes and
left to evaporate at room temperature (Nazir et al., 2025).

When the complete evaporation of ethanol occurs, all the visible particles have been acquired
at a magnification of 20x using a Optika microscope model SZP-10 equipped with a high-
performance Full HD HDMI camera Optikam HDMI PRO. The image, acquired at a
resolution of 1920 x 1080 pixels, was processed using the open-source software GIMP
(version 2.10.32). Digital image processing (DIP) was applied to each particle by adjusting
brightness and contrast levels, to obtain a white background and a clear definition of particle

boundaries. In particular, the following procedure has been followed:

1. Single particles have been isolated from the image,
2. Particle images have been converted to grayscale,
3. The brightness-contrast has been regulated at the first set of values to get a white level

of the background of (100, 100, 0) in (R, G, B) units.

After that, the software allows an automatic selection of pixels in the same range of color and
so a suitable definition of particle borders. The 2D approximation of the particle surface was
determined as the difference between the total pixel count of the image and the selected white
area. In some cases, owing to shape inhomogeneity, the overall area of a particle was

calculated as the sum of multiple adjacent regions.
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1layer) 1920x1080 - GIMP

Figure 22 - Gimp v. 2.10.32 image editing software interface

Each particle area was first measured in square pixels and then converted into square microns
by applying the pixel-to-length calibration obtained from a reference grid image acquired at
the same magnification. For each sieve fraction, more than 500 measurements were collected,
and the particle size distribution (PSD) was derived from the corresponding frequency
histogram. To define the theoretical particle area, the GIMP software was calibrated using the
reference grid image, from which a correction factor was established to convert pixel-based
measurements into square microns.

Figure 22 shows the graphical interface of the image editing software, with the ‘Histogram’
dialogue window activated on the right side. This window provides various information,
including the total pixel count within a specified selected area.

Figure 23 shows an example of digital image processing applied to all identifiable particles
within the image. For the selected particle, greyscale conversion followed by an increase of
45 contrast points was sufficient to achieve a white background with an RGB value of (100,
100, 0). Particle areas, initially expressed in square pixels, were converted into square microns
by applying a correction factor determined from a calibrated grid image acquired at the same

magnification. In our case, a correction factor of F = 9.54 was obtained.
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Figure 23 - (a) Particle, (b) DIP, (c) particle surface after DIP, (d) calibration grid

Particles were characterized not only through a 2D area approximation but also by calculating
a specific ‘aspect ratio,” defined as the ratio between the particle area and the area of the
smallest circumscribing circle. High aspect ratio values indicate agglomerated particles,
whereas low values correspond to slender particles such as filaments (Figure 24). This
parameter is very important for ground leather particles to be used as fillers in polymeric

materials.
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(@ ®) (©

Figure 24 - Aspect ratio (a) between (b) surface and (c) smallest circumscribing circle

The particles predominantly appear as agglomerates with complex morphologies resulting
from the grinding process. This mechanical treatment generates particulates with
heterogeneous shapes, ranging from fibrous structures to irregular agglomerates.

Figure 25, Figure 26 and Figure 27 report the PSDs analysis on samples obtained by grinding
and sieving at mesh sizes of 4.0 mm, 1.5 mm, and 0.5 mm, respectively. For each condition,
particle size distribution (PSD) analysis was performed to estimate the distribution of particle
area and aspect ratio. The three processes yielded average particle areas of approximately
10,000, 7,000, and 7,000 um?, respectively.

The results show that the 4.0 mm sieve, as expected, produced larger particles compared to
the 1.5 mm and 0.5 mm sieves. The 0.5 mm mesh did not result in a further reduction of
shaving size, although it yielded a more homogeneous particle size distribution. From a
morphological point of view, figures b show that the 4.0 sieve determines a nonhomogeneous
distribution of particles in terms of shape; this means that waste is randomly desegregated in
both agglomerated and fibrous states. Instead, grinding using 1.5 mm and 0.5 mm sieves
determines a predominance of fibrous state concerning 1.5 mm one. The analysis on the aspect
ratio for a sample ground by a 1.5 mm sieve shows as most probable (frequency 30 %), an

aspect ratio of 0.1 that is linked to slender objects such as a 1D particulate.
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Figure 25 - PSD analysis on wasted ground by 4.0 mm sieve: (a) area, (b) aspect ratio
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Figure 26 - PSD analysis on wasted ground by 1.5 mm sieve: (a) area, (b) aspect ratio
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Figure 27 - PSD analysis on wasted ground by 0,5 mm sieve: (a) area, (b) aspect ratio
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Concerning the efficiency of the grinding process carried out, comparing the results with a 1.5
mm sieve, the use 0.5 mm sieve does not determine significant benefits in terms of size

reduction, also considering the increase in grinding process time.

ASPECT
LTI AREA RATIO COMMENTS
SIEVE (MAX FREQ.) (MAX FREQ)
4.0 mm 10,000 (43%) 0.1 (14%) Non-uniform distribution
1.5 mm 7,000 (42%) 0.1 (30%) Uniform distribution, slender shape
0.5 mm 7,000 (39%) 0.2 (20%) Uniform distribution

Table 21 - PSD Analysis on ground samples

The relatively small size of these particles should have guaranteed a smooth extrusion of the
polymer composite in 3D printing, avoiding any clogging of nozzles (Alvarez Gémez et al.,

2023). This aspect will be confirmed by the next printability tests.

3.2 Chemical Characterization of ground leather

Chemical and eco-toxicological analyses of the waste were conducted to ensure that the
leather waste complies with the requirements established by legislation and other
specifications. While these requirements primarily apply to finished leather, in this study they
have been considered as a precautionary measure to the leather waste used as filler.
Specifically, compliance with Regulation (EC) No. 1907/2006 of the European Parliament
and of the Council (Reach, 2006), Regulation (EU) 2022/2400 of the European Parliament
and of the Council amending Annexes IV and V to Regulation (EU) 2019/1021 on persistent
organic pollutants (POP, 2022) as well as the Oeko-Tex Leather Standard (Oeko-Tex, 2024)
have been assessed for specific substances. Additionally, since the material is intended for use
at high temperatures in the additive manufacturing process, its compliance with Japan
Automobile Manufacturers Association (JAMA) requirements (JAMA, 2023) and Oeko-Tex
Leather Standard for VOC emissions was also verified.

As the shavings will be used as a filler for additive manufacturing, it is essential that no
hazardous substances are present, and that no volatile compounds are emitted during extrusion

or printing processes. The aim of these investigations is to confirm that the waste can be used
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as a suitable by-product for compounding with TPU. Given the nature of the tanning agent
used, the glutaraldehyde content was also determined in accordance with ISO/CD
25202:2023.

For the quantification of restricted substances, the following instruments were utilized:
ICP/MS Thermo Fisher ICAP RQ, HPLC Shimadzu LC 20 AD, Ion Chromatograph Dionex
ICS-3000, LC/MS/MS Dionex UltiMate 3000, GC/MS Perkin Elmer Clarus 690, and a pH
meter from Mettler Toledo.

Additionally, to complete the characterization of leather wastes, the following tests were
carried out: determination of pH following ISO 4045:2018, measurement of substances
soluble in dichloromethane according to ISO 4048:2018, determination of sulphated total ash
at 800 °C according to ISO 4047:2000, and analysis of humidity and volatile matter at various
temperatures according to ISO 4684:2006.

About humidity and volatile substances, the presence of high content could lead to problems
during grinding (es. agglomeration), extrusion (voids or defects inside the polymer), or
printing processes (clogging of the nozzle). The test temperatures considered are those
involved for filament conditioning prior to printing, pre-grinding conditioning, and extrusion
process.

Extending as a precaution the leather requirements to the leather waste, Table 22 reports the
results of eco-toxicological analysis of glutaraldehyde shavings. As evident, with reference to
the listed substances, the leather wastes resulted to be compliant to Annex XVII of Regulation
(EC) 1907/2006 (REACh Regulation) (Reach, 2006), Regulation (EU) 2019/1021 on
persistent organic pollutants (POP Regulation) (POP, 2022) and Oeko-Tex Leather Standard
(Oeko-Tex, 2024) requirements.

The material can, therefore, be considered as a suitable by-product as long as it does not
present any critical issues in terms of danger to humans or the environment.

In Table 24, the results of the volatile organic compounds analysis are reported, divided by
type into volatiles (VOCs), semi-volatiles (SVOCs) and very volatile organic compounds and
carried out on shavings. The results show the compliance with both the JAMA and Oeko-Tex
requirements that confirm the absence of eventual hazardous volatile substances at the
conditioning, printing and extrusion temperatures. In Table 23 other chemical characteristics

of leather waste are reported.

63



Rosario Mascolo — Universita degli Studi di Brescia — DIMI - PhD XXXVII CICLO

REGULATORY PASS /
SUBSTANCE REFERENCE METHOD LIMIT FAIL
Reg. (EC) 1907/2006
Azodyes REACh Res. 43 ISO 17234 30 mg/kg Pass
Reg. (EC) 1907/2006
Hexavalent chromium REACh Res. 47, Ocko- ISO 17075-2 3 mg/kg Pass
Tex Leather Standard
Chlorophenol (MCP, DCP, TeCP, TrCP, Oceko-Tex Leather
PCP) Standard ISO 17070 0.3 -2 mg/kg Pass
Reg. (EC) 1907/2006
Dimethyl fumarate (DMFu) REACh Res. 61, Oeko- ISO 16186 0.1 mg/kg Pass
Tex Leather Standard
. Reg. (EU) No
Alkanes, C10-C13, chlorine (SCCP) 2019/1021, ISO 18219-1 1500 mg/kg Pass
Perfluorooctane sulfonate acid PFOA 0.025 mg/kg Pass
. Reg. (EU) No
Perfluorooctane sulfonate acid PFOS 2019/1021 LC/MS/MS 10 mg/kg Pass
PFOA derivatives 20 mg/kg Pass
. Reg. (EC) 1907/2006 LM. ISO 0/ 1 .
Organostannic compounds REACH Res. 20 1707222 0.1% tin by weight Pass
Nonylphenol C¢Ha(OH)CoHio Reg. (EC) 1907/2006 0.1% Pass
ISO 18218-2
Nonylphenol ethoxylates (C2H40)nC15H210 REACh Res. 46 0.1% Pass
. Reg. (EC) 1907/2006 )
Nickel REACh Res. 27 EN 1811 0.5 ug/cm?/week Pass
Phtalates (DEHP, DBP, BBP, DIBP) Reg. (EC) 1907/2006 0.10% Pass
REACh Res. 51
Reg. (EC) 1907/2006 EN 15777
* 0
Phtalates (DINP, DIDP, DNOP) REACh Res. 52 0.10% Pass
Japan law 112 ML U2 6 mg/kg for infants P
apan law Method. mg/kg for infants ass
Formaldehyde Reg. (EC) 1907/2006 S0 17226 <75 mg/kg with contact Pass
REACh Res. 72 < 150 mg/kg non- Pass
contact
Ocko-Tex Leather ISO/CD
Glutaraldehyde Standard 25202 <1000 Pass
As (Arsenic) 100.0 mg/kg Pass
Cd (Cadmium) Oekos-tTey(;1 Lzather 1SO 17072-2 40.0 mg/kg Pass
Hg (Mercury) andar 0.5 mg/kg Pass
Pb (Lead) 90.0 mg/kg Pass
Table 22 - Chemical eco-toxicological characterization of leather wastes
TEST ITEM METHOD UNIT VALUE S.DEV.
50 °C % 8.3 0.8
o . 65 °C % 12.4 1.1
Humidity and volatile matter ISO 4684
80 °C % 12.6 13
102 °C % 14.7 1.9
Substances soluble in dichloromethane ISO 4048 % 2.2 £04
pH ISO 4045 U. pH 3.9 +£0.07
Shrinkage temperature ISO 3380 °C 73.9 £05

Table 23 - Chemical and Physical tests of leather waste
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SUBSTANCE oy el GRS
Bis-(2ethylhexyl) phthalate 0.5 0.120 Pass
Di-n-Butyl Phthalate 0.5 0.017 Pass
Paradiclorobenzene 1.0 0.24 Pass
Fenobucarb SVOC - 0.033 Pass
Diazinone 1.0 0.00029 Pass
Cloropirifos - 0.001 Pass
Tetradecane 0.5 0.330 Pass
Formamide 0.5 - Pass
Dimetilformammide 0.5 - Pass
Amines 0.5 - Pass
Amides 0.5 - Pass
Styrene 0.005 0.220 Pass
Xylene voc 0.3 0.200 Pass
Ethylbenzene 0.3 3.800 Pass
Hexanal 0.5 - Pass
Toluene 0.1 0.260 Pass
Benzene 0.3 - Pass
Acetone 0.5 - Pass
Acroelina 0.5 - Pass
Acetaldehyde vvoc 0.5 0.048 Pass
Formaldehyde 0.1 0.100 Pass

Table 24 - VOC results on leather waste

With reference to volatile substances at 102 °C according to ISO 4684, the results show that
thermal pretreatment at 50 °C for an effective grinding process leads to a loss of approximately
55 % of the initial humidity content. Additionally, a 6-hours pretreatment of leather powder
at a temperature between 65 °C and 80 °C enables the elimination of about 85 % of the initial
volatile substances. After assessing the shrinkage temperature of the shavings, a temperature
of 70 °C for thermal treatment before extrusion was selected to ensure that leather fibers retain

their original state.

3.3 Leather waste FT-IR characterization

To verify whether any changes occur in the morphological structure of collagen within
the temperature range under investigation, FT-ATR-IR absorbance spectroscopy was
conducted on leather waste samples using a Perkin-Elmer SpectrumOne spectrometer,
equipped with Spectrum v5.3.1 software. The spectra of collagen were analyzed after specific

thermal conditioning directly on solid samples. Prior to data analysis, the spectra were
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baseline-corrected in the 4000-900 cm ' range (64 points) to achieve a flat baseline,
minimizing water contributions. The spectra were then smoothed (22 points) to better
visualize the peak shapes. Spectral analysis focused on the amide regions: Amide A (3400—
3250 cm™"), Amide I (1750-1580 cm™"), Amide II (1570-1480 cm™!), and Amide III (1310—
1175 cm™!) (Stani et al., 2020). For each sample, 10 scans with a spectral resolution of 4 cm™!

were conducted on 5 different test pieces, and the results were reported as the average

wavenumber or intensity.
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Figure 28 - FT-ATR after conditioning at (a) 23 °C, (b) 50 °C, (c) 65 °C and (d) 185 °C
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Samples were conditioned at different temperatures corresponding to specific processes:

— 23 °C for 48 hours, the reference condition for shavings,

— 50 °C for 16 hours, to verify the effects of drying before grinding

— 65 °C for 6 hours, to verify the effects of drying before printing

— 185 °C for 0.25 hours, to verify the effects of high temperatures during extrusion and

printing.

In Figure 28, the ATR-IR analysis revealed a substantial preservation of the peaks associated
with the collagen structure. Particular attention was devoted to the signal previously described,
which confirmed the presence of the triple-helix conformation, a distinctive feature of
collagen. However, the ratio between the peaks at 1,240 cm™ and 1,450 cm™, together with
the relative intensity, may suggest the occurrence of partial degradation phenomena affecting

the secondary structure of tropocollagen (triple helix) (Gevorkian et al., 2009).

4. TPU-Shavings Composites productions

TPU Hard pellets with an operating temperature between 210 °C and 230 °C purchased
from FiloAlpha (Italy) were used as the polymeric matrix. Prior to compounding, TPU pellets
and leather shaving powder were dried at 70 °C overnight (Luo et al., 2024). The drying
temperature for leather wastes have been chosen after measuring the shrinkage temperature
according to ISO 3380:2015 and after determining the volatile substances at different
temperatures as described in the next paragraphs.

The compounding of TPU and leather powder was carried out in an Xplore MC 15 HT
Micro Compounder (Figure 29) for two minutes at 100 rpm and a temperature of 210 °C. Five
compositions were prepared, at weight percentages of 0 wt%, 10 wt%, 20 wt%, 30 wt% and
40 wt% of ground leather in TPU.

For the manufacturing of 1.75 mm filaments for 3D printing, composites were
pelletized and extruded again using the same Xplore MC 15 HT Micro Compounder with a
continuous feeding at 15 rpm. A Felfil Filament Extruder connected to the Xplore micro
compounder was used as a stretching line to control the diameter of the final filament within

the range of 1.75 + 0.02 mm.
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Figure 29 - A detail of the Microcompounder X-Plore MC-15 HT for producing composites

Figure 30 shows a schematic representation of the production process, including a detail of

the filament and its surface
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Figure 30: Schematic diagram of TPU/leather shaving filament production

During the extrusion process, it was noted that a filler concentration of 40 wt % determined
such embrittlement of the composite that the filament could not be collected and rolled up in
the spools for FFF applications without preventing breakage of the filament. This might occur

because an excess of leather waste tends to aggregate, disrupting the continuous phase of the
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original TPU and restricting the movement of the molecular chains (Wilkinson et al., 2016).
For this reason, a content of 30 wt % of leather waste has been identified as the technological

limit to produce materials in filament state for FFF Additive Manufacturing techniques.

5. TPU-Shavings Composites Characterization

5.1 Optical and Scanning Electron Microscopy characterization

The surface of filaments produced as well as their cross-sectional areas were analyzed
using SEM-EDS Microscope Zeiss model EVO MA 10 to verify the quality of leather power
dispersion in the TPU. In particular, the analyses were carried out to assess the wettability of
the TPU matrix and to evaluate its surface quality, as these factors can significantly affect the
overall quality and surface finish of the printed parts.

Before SEM analysis, the specimens were coated with a 10 nm gold layer using an
automatic Sputter coater by Agar Scientific. Microscopic analysis was conducted to visualize
the fiber distribution resulting from the composite fabrication via extrusion and to observe the
wetting behavior of the fibers by the polymer matrix. This morphological inspection helps to
identify possible fiber agglomeration, dispersion uniformity, and the quality of the fiber—
matrix interface, which are key factors influencing the mechanical and functional properties
of the material (Nazir et al., 2025) and so of the printed objects.

The SEM micrographs of the filament external surface and cross-sectional areas are reported
in Figure 31. Image (a) is the surface of neat TPU, images (b) and (c) show the 20 wt % and
30 wt % composites external surface (i) and cross section (j). The morphological analysis of
the images shows a good dispersion and adhesion of the leather fibers into the TPU matrix,
after the extrusion process.

The increase of the filler concentration seems to determine some agglomeration of leather
fiber waste, much more evident in composites containing the 30 wt % of fibers, with a possible
negative influence on the mechanical characteristics of the material being points of
inhomogeneity. Furthermore, at 30 % filler content, some voids are visible too (Figure 31 bi2),
probably related to the local detachments of TPU from the residual high surface fraction of

particles after grinding process.
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Figure 31 - SEM micrographs of the filaments external surface (i) and cross-sectional areas

(i) of TPU (a), 20 wt % (b) and 30 wt % (c) composites.
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Finally, as the concentration of the filler increases, the surface roughness of the filament
increases due to the presence of particulate, with predictable effects on the surface finish of

objects printed via FFF.

5.2 DSC and TGA Thermal Analysis
Thermal Gravimetric Analysis (TGA) and Differential Scanning Calorimetry (DSC)

were carried out to identify the decomposition temperatures and thermal phase transitions of
TPU, leather waste and their composites. TGA was carried out under nitrogen atmosphere
using a TA Instrument TGA 5500 from room temperature to 800 °C at a rate of 10 °C per
minute. DSC was carried out with a TA Instruments DSC 25, with heating/cooling cycles
between -50 °C and 250 °C, at a rate of 10 °C per minute, under nitrogen atmosphere
(Naderizadeh et al., 2025).

The DSC analysis focused on changes in the glass transition temperature, melting

temperature, and degree of crystallinity of the polymer matrix. These parameters are
particularly relevant for assessing how the presence of collagen-based filler influences the
molecular mobility and crystallization behavior of thermoplastic polyurethane. A shift in glass
transition or melting temperature may indicate interactions at the filler—matrix interface with
consequent changes into polymer chain movement. Moreover, understanding the
crystallization behavior is essential for FFF applications, as it can affect the nozzle
temperature, the solidification rate and dimensional stability during printing (Rodzen et al.,
2023).
TGA was carried out to evaluate thermal stability by the determination of the onset
degradation temperature and maximum degradation rate temperature, that are essential for
ensuring the thermal stability of the material within the temperature range typical of FFF
processing (i.e., 200 — 240 °C).

The DSC of neat TPU (Figure 32) showed three main features: two glass transitions
temperatures, at 0 °C and 118 °C, related to soft and hard segments of the TPU, respectively
(Aurilia et al., 2011; Xu et al., 2021) and a small exothermic peak at 183 °C and 204 °C,
attributed to a slight degree of crystallinity, most probably within the hard segment region of
TPU (Nofar et al., 2019).
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The DSC analysis highlighted how the addition of the leather filler determines some variations
in the properties of the material, with reference to the crystallization and melting temperatures.
Adding leather into the TPU determines significant variations of both temperatures (Figure
32.b). Increasing the leather powder concentration determines a shift in the melting
temperature of pure TPU towards higher values from 205 °C to 221 °C which can be ascribed
to a reduction in the mobility of the polymeric macromolecules due to the presence of the
filler. Similarly, the TPU crystallization temperature showed a noticeable temperature shift
from 106 °C to 162 °C that can be related to a nucleating effect of the filler particles (Figure
32.c) (Khalifa et al., 2020).
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Figure 32 — DSC curves: a) DSC second heating curve of TPU, b) melting temperatures of
TPU/leather powder composites; c) crystallization temperatures of TPU/leather powder
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However, the comparison of the exothermic peaks between TPU and composites with
different concentrations does not highlight evident variations in the amplitude of the peaks for

the composites, i.e. the degree of crystallization remains constant as the filler concentration

varies.
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Figure 33 - TGA curves: d) TGA analysis of TPU; e) TGA analysis of wet-white shavings
leather fibers, f) TGA curves of TPU composites, compared with wet-white (WW)

The TGA analysis in nitrogen (Kannan et al., 2013) of glutaraldehyde shavings powder, TPU
and their composites are reported in Figure 33.a, b and c. For TPU the decomposition begins
at 323 °C, that corresponds to the dissociation of urethane groups and the subsequent
formation of diols, di-isocyanates and CO; (Tabuani et al., 2012). A second degradation peak
occurs at 403 °C (Figure 33.a), that corresponds to the decomposition of the soft segment of
the TPU, leading to the formation of a complex mixture of molecular species derived from the

fractioning of polyol segments. After 600 ° C, a solid residue of approximately 6 - 7 % can be
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detected. Results with increasing filler content do not markedly delay the initial degradation
process, while the decomposition profiles showed notable differences. TPU composites with
higher filler loadings exhibited broader degradation ranges and a more gradual weight loss
slope, suggesting a more complex degradation mechanism likely due to interactions between
the polymer matrix and the proteinaceous nature of the fibers (Figure 33.c) (Naderizadeh et
al., 2025).

TGA analysis in nitrogen of glutaraldehyde wet-white waste showed two distinct degradation
steps (Figure 33.b): the first, between 30 °C and 140 °C, is related to the loss of humidity and
volatile substances (as described above), while the second, between 270 °C and 500 °C with
apeak at 336 °C, is related to the decomposition of its collagenic structure. A third degradation
step can also be observed at temperatures between 500 °C and 800 °C and it is related with
the carbonization of the material with a solid residue of about 15 - 25 %.

In relation to the printing trials, the increase in the melting temperature with higher filler
concentrations revealed in DSC analyses is a factor that must be considered in the subsequent
setting of printability tests. Moreover, TGA results indicated that no material degradations are

expected at the extrusion and printing temperatures.

5.3 Rheological Testing

The rheological behavior of TPU and its composites was assessed by measuring the
complex viscosity in a frequency sweep test. Discovery Hybrid Rheometer (Rheo-DHR3) by
TA Instrument was used to conduct this analysis with a parallel plate geometry of 20 mm
diameter. Samples were cylinders of 0.5 mm thickness and a gap distance of 750 pum. The
frequency sweeps were performed at a temperature of 200 °C, across a frequency range from
0.1 to 100 Hz, at 1 % strain rate.
These tests are complementary to 3D printability tests, providing insight into the material’s
behavior during extrusion at different filler concentrations, because materials with too low
viscosity may spread excessively, while highly viscous formulations may clog the nozzle or
produce inhomogeneous layers. Furthermore, the assessment of G' and G” in the rheological
tests provides information about the stability of the flow at the printing shear rate (Candal et
al., 2020; Das et al., 2021; O’Mahony et al., 2020).
The viscoelastic properties of the filament composites and their rheological behaviour are

critical factors in FFF-based additive manufacturing, as they govern the extrusion of the
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molten polymer through the nozzle and the interlayer welding during deposition. The complex
viscosity, storage and loss modulus G’ and G" of TPU and TPU composites at 200 °C are

presented in Figure 34 and Figure 35.
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Figure 34 - (a) Storage Modulus, (b) Loss Modulus of TPU and TPU composites containing

wet-white leather.

Results showed a distinctive non-Newtonian within the selected frequency range with the
complex viscosity decreases rapidly by about two to three orders of magnitude with increasing
angular frequency. To ensure stable extrusion and avoid filament buckling during feeding and
nozzle clogging, the melt viscosity must remain below a practical upper limit.

Although no universal limit exists, it is generally accepted that, under processing conditions,
viscosity should not exceed approximately 10~ Pa.s in the shear rate range relevant to

printing operations (Candal et al., 2020).
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Figure 35 - Complex Viscosity of TPU and TPU composites containing wet-white leather.

Beyond this value, extrusion becomes unstable, and the risk of nozzle clogging increases

significantly. In FFF, shear rates inside the nozzle can be estimated as:

Yy~ — (Eq. 1)

where v is the extrusion velocity and D is the nominal nozzle diameter (0.4 mm). For printing
speeds of 50 mm/s and 100 mm/s it is about 500 s' and 1000 s'. These shear rates define the
processing window within which the melt viscosity should be evaluated. The correlation
between steady shear viscosity (n(y)) and complex viscosity from oscillatory tests (jn*|) is

often approximated using the Cox—Merz rule:

ny) = m*()| (Eq. 2)

This empirical rule allows predicting shear viscosity from frequency sweep data, assuming
that the material structure responds similarly under oscillatory and steady shear flows.
However, it must be applied cautiously. The use of this correlation, even in cases where it
does not precisely define a correspondence between the two types of viscosity, can still allow
for the identification of an order of magnitude capable of characterizing the extrudability of
the polymer melt (Cox and Merz, 1958). In this study, the frequency sweep performed at
200 °C covered a range from 0.1 to 100 Hz (0.63—628 rad/s). According to Cox—Merz, this

corresponds approximately to shear rates up to ~628 rad/s, which closely matches the
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condition for a printing speed of 50 mm/s (500 rad/s) but does not fully capture high-speed
conditions (100 mm/s — ~1000 rad/s). Consequently, for high-speed printing scenarios,
extrapolation of rheological data or direct steady shear measurements at higher shear rates
would be necessary. However, at angular frequencies approximating the shear rates
experienced during FFF at the aforementioned speeds (500 — 1000 rad/s), the complex
viscosity of the tested materials remains sufficiently low to guarantee proper flowability and
process stability, while avoiding excessively low viscosity values that may lead to dripping or
uncontrolled spreading of the melt after extrusion (Candal et al., 2020; Das et al., 2021;
O’Mahony et al., 2020).

The storage and loss modulus with the increase of frequency, G' and G" do not suffer
noticeable variations. Furthermore, in all the range of shear rates of the tests, composites G’
and G" were larger than pure TPU and values increase with the increasing of filler content.
This suggests that higher concentrations of leather fibers have an inhibitory effect on the
motion of macromolecular chains because the filler reduces the free volume and the
macromolecules thus prohibiting the movement of polymer chains (Zhong et al., 2019; Zhou
et al.,, 2022) For the neat TPU, G" remains consistently higher than G’ across the entire
frequency range at the testing temperature, indicating a dominant viscous behavior. In
contrast, the composite exhibits G' > G" throughout, reflecting a more elastic nature. However,
at high frequencies, which best approximate the shear conditions encountered during
extrusion, G’ becomes comparable to G”, indicating a transition from predominantly elastic
to increasingly viscous behavior. This viscoelastic balance reduces the risk of nozzle clogging,

as the material flows more readily under stress (Calafel et al., 2020).

5.4 Tensile properties

Tensile properties of neat TPU, and the TPU/leather composites was determined
respectively in accordance with ASTM D638-14 and ISO 3376:2020 using a 35 kN
dynamometer Acquati model AG/9E equipped with a 100 daN load cell with a deformation
rate of 20 mm/min.

Composites test pieces have been prepared using Hot Press 3100 (Collins, Germany)
at a temperature of 180 °C and pressure 100 + 10 bar for 2 minutes after which the samples
were allowed to cool down under same pressure, using circulation of cold water. Tensile tests

were carried out on dog-bone-shaped specimens, in accordance with type V of the ASTM
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D638-14. For reference, tests were conducted also on the original wet-white leather (before
grinding), sampling in two directions, parallel and perpendicular to the backbone, from a
whole leather in accordance with ISO 2418:2023 (Figure 36). Leather samples and composite
test pieces have been conditioned before testing for 40 hours at 23 °C and 50 % R.H. in
accordance with ISO 2419:2024 and ASTM D618-21. For all composite composition and
leather direction, tensile strength, elongation at break and Young Modulus have been assessed
as the average of six test pieces. Young’s modulus has been determined in the linear region of
the curves in the strain range from 0.01 to 0.025.

Tensile characterization of the composite filaments is crucial for understanding the
mechanical behavior of the final printed object, as it represents the inherent ability of the
material to sustain mechanical loads. Furthermore, in FFF techniques it is important to verify
the stiffness of the material because the elastic modulus significantly influences the interaction
between the extruded layer and the previously deposited one. A higher modulus reduces local
deformations under the pressure of the nozzle, thereby improving dimensional accuracy and
ensuring better structural stability of the printed part (Elmrabet and Siegkas, 2020; Lanzotti et
al., 2015; Tymrak et al., 2014).

Tensile curves of neat TPU, leather and leather waste composite and presented in Figure 37

and Figure 38.

Figure 36 - Sampling area for leather tests in accordance with ISO 2418 standard
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different concentrations
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Leather was also tested for comparison purposes in accordance with ISO 3376. Leather
properties are anisotropic, meaning they depend on the area and direction of sampling. The
fiber orientation is mostly radial, starting from the center of the skin, with the preferential
alignment along the backbone and secondary from the center to the paw area (Manzo G., n.d.).
This is the reason why, for the evaluation of leather mechanical properties, sampling is always
carried out by cutting test pieces in two different directions with reference to the backbone
line in specific leather area as specified in ISO 2418 (Figure 36).

As expected, the results show an evident anisotropy, with higher values of strength and
Young's modulus in the direction parallel to the backbone. The comparison between TPU,
leather and composites at the different concentrations shows an evident decreasing trend of
elongation at break with increasing filler content. The shape of the stress-strain curve shows
a change at 20 wt % of filler content. At this concentration, composites lose most of the initial
ductility of TPU becoming more brittle, with results similar to the original leather tested along
the direction parallel to the backbone.

Tensile results (Figure 38) are crucial, since variations in properties due to different filler
concentrations will likely affect the behavior of the printed parts. From the perspective of filler
concentration effects on FFF extrusion, the increase in elastic modulus (Figure 38.a) with
increasing filler content is not expected to negatively affect the dimensional stability of the
printed part. In fact, a higher modulus helps limit local deformations caused by nozzle pressure
during deposition, thereby enhancing dimensional accuracy and contributing to the overall
structural integrity of the printed object (Elmrabet and Siegkas, 2020; Lanzotti et al., 2015;
Tymrak et al., 2014).

5.5 Abrasion tests

Abrasion resistance of the composites was evaluated using a Rotating Cylindrical Drum
Abrader (Figure 39) model IG/ABR by Giuliani Tecnologie (Italy) in accordance with ISO
4649:2017, on circular specimens with 16 mm diameter and 5 mm thickness. For each
composition, at least three specimens were tested and the average values reported. The test
pieces were prepared following the same procedure used for the tensile tests, employing a Hot

Press 3100 (Collins, Germany) at 180 °C under a pressure of 100 + 10 bar for 2 minutes.
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Figure 39 - Abrader device in accordance with ISO 4649

The results are summarized in Figure 40. Increasing the filler content led to a higher abraded

volume, resulting in a slight reduction of abrasion resistance.
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Figure 40 - Abrasion resistance according to ISO 4649 for composites at different filler

concentrations

This reduction is closely related to the collagenous component of the leather fibers, which
intrinsically exhibits lower mechanical resistance. However, the decrease remains moderate

and does not compromise the overall performance of the 3D-printed products.
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6. Printability tests

For the modeling of the objects to be printed, Autodesk Fusion 360 and Bambu Studio
slicing software were used. The materials considered included neat TPU and TPU compounds
containing 20 wt % and 30 wt % leather shavings, as these have the highest leather waste
concentration. All samples were produced using a Bambu Lab X1C 3D printer. In Figure 41

a picture of the device used, and a detail of its heating system are reported.

(b)
Figure 41 - (a) Bambu XC1 and a detail of the hotend (b)

Before printing, all filaments were thermally pre-treated at 65 °C for at least 6 hours to remove
excess moisture and minimize material degradation. After setting key printing parameters
such as nozzle diameter and plate temperature, printability tests were conducted to evaluate
the influence of extrusion temperature and speed. Printing trials were performed at 215 °C,
220 °C, 225 °C, and 230 °C, with nozzle speeds of 50 mm/s and 100 mm/s. The parameters
selected for layer deposition, particularly nozzle temperature and layer height, are consistent
with those previously reported in the literature for TPU-based materials and by producers.

Several studies have demonstrated that a layer height of 0.20 mm combined with nozzle
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temperatures in the range of 215 — 230 °C provides a reliable balance between print quality,
mechanical performance, and process stability during FFF of thermoplastic polyurethanes

(Kechagias et al., 2023).

SETTING UNIT VALUE SETTING UNIT VALUE
Filament diameter mm 1.75 First layer width mm 0.50
Nozzle temperatures °C 215/220/225/230 | External wall mm 0.42
Speed mm/sec 50/100 Internal wall mm 0.45
Nozzle diameter mm 0.40 Upper surface mm 0.42
Plate temperatures °C 45 Filling mm 0.45
Layers height mm 0.20 Internal solid filling mm 0.42
Default width mm 0.42

Table 25 - Settings of FFF device for printability tests.

To assess material printability, two different tests were performed: a 1D test and a 3D test. In
1D tests, single filaments (100 mm in length) were extruded to analyze adhesion, filament
integrity, precision, and homogeneity as a function of material, temperature, and speed.
Adhesion and filament integrity were assessed visually, while precision was evaluated by
comparing the average filament width to the nominal value of 0.42 mm (Table 1). A maximum
deviation of + 20 % was set as an acceptable threshold, considering a measurement uncertainty
guard band (g = 1.645, corresponding to 95 % confidence level). Filament width was
measured using an Optika SZP-10 microscope (80 X magnification) with an Optikam HDMI
PRO camera and Optika Vision Lite 2.1 software. For each material-temperature-speed
combination, three filaments were produced, and five equally spaced width measurements
(approximately every 20 mm) were taken per filament. Before calculations, statistical tests
were conducted at a 0.05 significance level, including the Shapiro-Wilk normality test and
one-way Grubbs tests to detect outliers.

Homogeneity was evaluated by analyzing the standard deviation of the filament width
measurements. An initial test series focused solely on TPU to eliminate unsuitable
temperature-speed combinations. Subsequent 1D tests were then performed on 20 wt % and
30 wt % leather shaving filaments. At the end of these tests, the optimal temperature and speed

settings were determined.
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For the 3D test, 25 mm side cubes (without top covers) were printed. The deposition strategy
included two base layers with alternating 45° orientations and four perimeter layers. For each
optimal extrusion condition identified in the 1D tests, a visual inspection analysis was
executed to evaluate print quality, and the tensile tests were performed to evaluate interlayer
cohesion. Small rectangular specimens (15 mm x 5 mm) were cut perpendicular to the layer
direction and tested using a TA Instruments Discovery DMAS850 at a rate of 20 mm/min.
Samples were conditioned at 23 °C and 50 % relative humidity for 40 hours before testing.
Interlayer cohesion was evaluated in terms of elongation at break and welding strength.
Welding strength was calculated as the ratio of maximum load to specimen width (N/mm).
Finally, welding strength and elongation-at-break data were statistically analyzed using the
Analysis of Variance (ANOVA) test to determine the impact of printing conditions.

1D tests were firstly performed solely on TPU in all the conditions reported in Table
25. In Figure 42, as an example, detailed images of the printed paths acquired by optical

microscopy are reported.

(@)

(c)

Figure 42 - Details of paths printed at 50 mm/s for (a) TPU at 220 °C, (b) 20 wt % and (c)
30wt % at 225 °C
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In all cases, no interruption of the filament run line was detected, that means that

filament integrity was preserved. Regarding adhesion, in one case of filament printed at 215

°C a partial detachment of the layer from the printing plate was observed so that the authors

excluded this level of temperature from subsequent analysis.

After the verification of filament integrity and adhesion, TPU filaments width have been

analyzed to determine the process precision; for this scope, before the application of the guard

band criteria, Shapiro-Wilks normality test and one-side and two sides Grubbs tests have been

carried out.
T (°C) 215 220 225 230
r (mm/s) 50 100 50 100 50 100 50 100
SHAPIRO-WILKS NORMALITY TEST
P-value 0.91 0.16 0.14 0.26 0.95 0.36 0.57 0.05
W 0.98 0.93 0.93 0.94 0.98 0.95 0.96 0.91
Ho Accepted Accepted Accepted Accepted Accepted Accepted Accepted Questionable

ONE-SIDED GRUBBS' TEST

Gi,a (Largest) 2.02 1.31 1.97 231 245 2.11 1.46 233
G1,1 (Smallest) 1.76 2.02 1.32 2.33 1.86 1.56 1.91 1.36
Sk.Lk (0.05) 2.71 2.71 2.71 2.71 2.71 2.71 2.71 2.71
Sk.Lk (0.01) 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00
Outliers No No No No No No No Questionable
TWO-SIDED GRUBBS' TEST
Go;n-1.0 (Largest) 0.62 0.82 0.65 0.65 0.55 0.54 0.75 0.42
G2;1,2 (Smallest) 0.67 0.60 0.82 0.56 0.68 0.74 0.62 0.82
Sk.Lk (0.05) 0.44 0.44 0.44 0.44 0.44 0.44 0.44 0.44
Sk (0.01) 0.36 0.36 0.36 0.36 0.36 0.36 0.36 0.36
Outliers (Largest) No No No No No No No Questionable
Outliers (Smallest) No No No No No No No No

Table 26 - Shapiro Wilks normality test, Grubbs' outliers test results on TPU

Results of Table 26 show the impossibility to reject the null hypothesis Ho for the

approximation to a normal distribution with a confidence interval corresponding to 95%.

Furthermore, no outliers with a significance level of 0.05 were detected. So, the average width
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values and the guard band on TPU 1D layers compared to the 20 % tolerances of the nominal

value are reported in Figure 43.

Nozzle Temperature (°C)

215 220 225 230
600
-_—
-
[ e e s
2 +20 %
% Default widith - -
= 400 - -
20 %
Y——t———fF ==
300
200

50 100 50 100 50 100 50 100
Print speed (mm/s)

Figure 43 — 1D printability tests results for neat TPU

The analysis of the graph shows that extrusion at 230 °C, regardless of the printing speed (50
mm/s or 100 mm/s), results in a filament width that significantly exceeds the upper tolerance
limit (+ 20 % compared to the nominal reference width). This indicates excessive material
expansion during deposition, compromising the dimensional accuracy of the printing process.
Therefore, the 230°C temperature level is excluded from the optimal conditions, as it does not
ensure compliance with the required dimensional specifications.

On the contrary, the results for 220 °C and 225 °C demonstrate good dimensional accuracy,
as the filament width remains within the defined tolerance range (+ 20 % of the nominal width)
for both printing speeds (50 mm/s and 100 mm/s). This indicates controlled material
deposition, ensuring consistency and stability in the printing process. These temperatures are
considered optimal as they allow for precise extrusion while maintaining filament integrity,
making them suitable conditions for achieving high-quality prints.

The results of the statistical analysis for test 1D at 220 °C and 225 °C for leather waste
composites at 20 wt % and 30 wt % are reported in Table 27. Also in this case, the results

showed the impossibility to reject the null hypothesis Ho for the approximation to a normal
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distribution with a confidence interval corresponding to 95 %. Furthermore, no outliers with

a significance level of 0.05 were detected.

COMPOSITE TPU /20 wt % COMPOSITE TPU /30 wt %
T (°C) 220 225 220 225
r (mm/s) 50 100 50 100 50 100 50 100
SHAPIRO-WILKS NORMALITY TEST
P-value 0.57 0.62 0.31 0.24 0.06 0.52 0.23 0.14
W 0.96 0.96 0.95 0.93 0.91 0.96 0.94 0.93
Ho Accepted Accepted Accepted Accepted Accepted Accepted Accepted Accepted

ONE-SIDED GRUBBS' TEST

Gi,n (Largest) 221 1.77 2.39 1.77 2.06 1.96 1.44 1.30
G1,1 (Smallest) 1.60 1.78 1.37 1.49 1.28 1.92 2.56 2.63
Sk.Lk (0.05) 2.71 2.71 2.71 2.71 2.71 2.71 2.71 2.71
Sk.rk (0.01) 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00
Outliers No No No No No No No No

TWO-SIDED GRUBBS' TEST

Gono1n (Largest) 0.61 0.67 0.54 0.71 0.63 0.71 0.76 0.82
G2;1,2 (Smallest) 0.77 0.68 0.78 0.77 0.82 0.60 0.48 0.52
Sk.Lk (0.05) 0.44 0.44 0.44 0.44 0.44 0.44 0.44 0.44
Sk.Lk (0.01) 0.36 0.36 0.36 0.36 0.36 0.36 0.36 0.36
Outliers (Largest) No No No No No No No No
Outliers (Smallest) No No No No No No No No

Table 27 - Shapiro Wilks normality test, Grubbs' outliers test results on 20 wt % and 30 wt

% composites

Figure 44 reports the average width values and the guard band on 20 % wt and 30 % wt
composites 1D layers compared with the 20 % tolerances of the nominal value.

Comparing these results with the previous analysis on neat TPU (Figure 43), it is evident that
the presence of leather waste affects the filament width. In both 20 wt% and 30 wt% waste
compositions, the average filament width is generally larger than that observed for neat TPU

under the same printing conditions. This suggests that the inclusion of leather particles
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influences the material's flow behavior during extrusion, likely due to changes in viscosity

and filler distribution.
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Figure 44 — 1D printability tests results for (a) 20 wt % and (b) 30 wt % TPU/Leather waste

composites
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Moreover, the effect becomes more pronounced as the waste concentration increases in the
30 wt % waste composition, the filament width is generally higher than in the 20 wt % waste
composition, indicating a stronger impact on material expansion and extrusion stability.
Despite these variations, at 50 mm/s, both waste-containing compositions still maintain
filament widths within the acceptable tolerance range, confirming that proper printing
parameters (220 °C —225 °C, 50 mm/s) allow for controlled deposition even with the presence
of waste. However, at 100 mm/s, the excessive deviation from the nominal width becomes
even more evident compared to neat TPU, reinforcing the need to discard this higher speed
setting.

Ultimately, the 1D test has identified 220 °C and 225 °C at 50 mm/s as the optimal parameters
for ensuring accurate and consistent filament deposition, even when incorporating leather

waste into the TPU matrix.

ow I R

(@) (b)
Figure 45 - Filament used (a), single 1D layers (b)
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Figure 46 - Homogeneity values in RDS %

In Figure 45 and Figure 46, filaments produced at 0 wt %, 10 wt % and 20 wt % (a), 1D layers
width measurements (b) and homogeneity values expressed in terms of relative standard
deviation (Figure 46) are reported. As evident, the increase in filler content determines the
reduction of the homogeneity in the width for all the speed and temperature conditions of
printing.

After the evaluation of printability of single layers, 3D tests were printed at 50 mm/s speed
and at 220 °C and 225 °C. In Figure 47 a detail of positioning on the printing plate and printing

of process of test cubes are shown.

(@) (b)
Figure 47 - (a) Position on the printing plate, (b) 3D Printing process
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In Figure 48, as an example, pictures of 3D test cubes printed in TPU and TPU-30 wt %

composite is shown.

(a) (b)
Figure 48 - Test cubes printed using (a) TPU and (b) 30 wt % composite

For all the above conditions, the FFF equipment was able to print the object. Major findings
of inspection analysis are illustrated in Figure 49. Analyzing the figure, it is evident that the
addition of leather waste significantly alters the surface texture of the printed samples. In (a)
neat TPU, the surface appears smooth, with well-defined and uniform layer lines, indicating
a consistent material deposition. In (b) 20 wt % waste TPU and (c) 30 wt % waste TPU, the
surface becomes progressively more irregular and rougher, with a noticeable loss of layer
definition. The texture appears rougher, likely due to the presence of leather particles
disrupting the uniformity of the deposited layers. This confirms that higher waste content leads
to increased surface unevenness and a more irregular appearance, which may affect
mechanical properties and adhesion between layers.

Observing each individual test cubes, a reduction in the number of print interruptions of the
equipment was noticed when the composites have been used compared to the neat TPU. As
known, printing TPU using FFF techniques is complex due to the filament's low stiffness,
which could cause buckling and make extrusion control difficult (Gilmer et al., 2018b), which
is intensified the softer the material is. The improvement in extrusion can be attributed to the
increase in stiffness of the composite materials, which enhances the printer's feeding towards

the nozzle resulting in less interruptions of print jobs (Herzberger et al., 2019).
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(@
Figure 49 - Details of lateral surface of test cubes for (a) TPU, (b) 20 wt %. and (c) 30 wt

%. composites

The main results of the interlayer cohesion analysis are summarized in Table 28 and Table 29

which illustrate the ANOVA results for welding strength and elongation at break parameters.

SOURCE DF AdjSS Adj MS F-Value  P-Value
wt% 1 10.5675 10.5675 149.81 0.000
T (°C) 1 1.8602 1.8602 26.37 0.001
wt%*T (°C) 1 0.0080 0.0080 0.11 0.745
Error 8 0.5643 0.0705

Total 11 13.0000

Table 28 - Anova table for welding
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Figure 50 - Interval plot of welding
SOURCE DF Adj SS Adj MS F-Value P-Value
wt% 1 358.479 358.479 110.52 0.000
T (°C) 1 0.258 0.258 0.08 0.785
wt%*T (°C) 1 26.931 26.931 8.30 0.020
Error 8 25.948 3.244
Total 11 411.616
Table 29 - Anova table for elongation at break
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Figure 51 - Interval plot of elongation at break
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By examining the results presented in Figure 50 and Figure 51, the same observations can be

made for both measured parameters:

e The ANOVA analysis (Table 28 and Table 29) revealed that the collagen percentage
(wt %) is the only significant factor influencing the measured parameters, with a p-
value lower than 0.05.

e On average, an increase in collagen content leads to a decrease in welding and
elongation at break values but improves the standard deviation. Specifically, as the
collagen percentage increases from 20 wt% to 30 wt%, the welding value decreases
from an average of 2.52 N/mm to 1.12 N/mm, marking a 52 % reduction, while the

elongation at break decreases by 75 %, from an average of 18 % to 4.5 %.

The results demonstrate that, despite the limitations in mechanical properties, the composites
developed with up to 30 wt % leather waste are still printable via FFF, albeit within a narrow
range of process parameters to ensure adequate final part quality.

Based on the results shown in Figure 50 and Figure 51, this material could be suitable for
applications where high flexibility is not required, such as semi-rigid components subjected
to low mechanical stress. Its good printability via FFF makes it a promising option for fashion
accessories, decorative elements for bags and footwear, and sustainable packaging solutions.
Additionally, its use in automotive interiors, such as inserts for door panels or aesthetic trims,
could contribute to reducing environmental impact. The material's balance between
sustainability and processability also makes it a viable choice for custom furniture elements,

handles, and other design products.
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Chapter 3:

Conclusions

1. Conclusions

This PhD research focused on the application of sustainability and circular economy
principles within the leather tanning industry, a sector traditionally associated with high
resource consumption and complex waste management. To fulfil the intended purposes, the
tanning process was schematized into its individual stages, and the corresponding solid and
liquid waste streams were identified to qualify their environmental impacts. To demonstrate
that each phase of the tanning process can be addressed through the paradigms of
sustainability and circularity, two specific stages of leather production were selected for
specific investigation. In particular, the first stage involved the application of sustainability
principles to the tanning process for the production of glutaraldehyde “wet-white” leathers.
The scope was to optimize the use of processing chemicals in order to minimize the
environmental impact of wastewater, mainly through a more rational use of glutaraldehyde-
based tanning agents. The second stage addressed the concept of circularity, focusing on the
valorization of leather shaving residues by recycling them as fillers for the development of
TPU-based composite materials suitable for additive manufacturing via Fused Filament
Fabrication (FFF). Through this integrated approach, the research demonstrates that the
leather tanning process can be effectively redesigned according to sustainable and circular
models, contributing to the mitigation of its environmental footprint while creating

opportunities for material recovery and upcycling into high-value applications.

In the first part, to assess the environmental impact of traditional automotive leather
tanning and to quantify the potential benefits achievable through process optimization, the

first step was the development of a dedicated tool (SSIP’s “Faibenelapelle”). This tool defines
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a calculation model for the environmental footprint of leather products in accordance with the
Product Environmental Footprint Category Rules (PEFCR) (Leather, 2018). The metamodel
implemented enabled a detailed analysis of the entire tanning process, with the possibility to
quantify the specific environmental impacts considering also the contributions of individual
subprocesses. By quantifying impacts, tanneries can enhance their awareness of process-
related environmental effects, optimize resource use, and improve the overall eco-efficiency
of production. In particular, the computational model was studied and validated for the
quantification of the environmental impacts providing a level of detail exceeding the
requirements set by the PEFCR. The approach was based on the direct analysis from processes
of a “model tannery,” which enabled the acquisition of high-resolution primary data and the
structured representation of the process into macro-groups and individual operational stages.
The integration of three different bovine leather processing routes allowed the formulation of
a flexible meta-model capable of representing the entire leather production that was described
through detailed flow diagrams, identifying the key variables required for model
parameterization and ensuring adaptability to different industrial configurations. Internal
validation was carried out by assessing the environmental performance of three benchmark
leather articles produced by the model tannery, confirming the methodological robustness and
internal consistency of the meta-model. In the initial absence of specific data from an
automotive tannery, the model was constructed based on chrome tanning and subsequently
extended to include glutaraldehyde tanning, thereby ensuring broader representativeness
across the leather sector. Overall, the meta-model developed in this study constitutes a reliable
and versatile operational tool for the environmental assessment of tanning processes or
subprocesses, suitable for supporting LCA and PEF applications for a whole production or a

specific mechanical or chemical stage.

After defining the environmental impact assessment method, laboratory-scale tanning trials
were conducted to reduce wastewater load by decreasing the glutaraldehyde concentration in
the tanning formulation. Reductions of 25% and 50% from the standard formulation were
tested, and tanning efficiency was evaluated through shrinkage temperature measurements.
For each tanning trial, shrinkage temperature was calculated by means of a novel instrumental
approach based on Dynamic Mechanical Analysis (DMA) able to detect slight changes in
temperature and defined for more accurate assessment of crosslinking efficiency. The results

showed that the reduction of tanning agent determines a slight decrease in shrinkage
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temperature and so it is possible to reduce the chemical concentration. The optimized process
significantly reduced also the residual aldehyde content in the residual bath, improving
wastewater treatment performance and decreasing the overall pollutant load, as also confirmed
by the PEF tool, through which we measured the reduction of specific environmental impacts.
When scaled to an industrial production, in fact, the optimized formulation resulted in a 25—
65% reduction of glutaraldehyde in wastewater, corresponding to a saving of 0.5-1.0 kg of
chemical product per drum load. This outcome provides tangible environmental advantages
during wastewater treatment due to the lower residual aldehyde load entering the depuration
system. In the end, to verify that non changes occur on the final product, the optimized tanning
process was validated through the production of five finished leathers, on which compliance
with the requirements for automotive interior leathers defined by Maserati standard . DSPM
020:2018 was verified. The results confirmed full conformity with the specified quality and

performance criteria.

In the second part of this work, focused on the recycling of solid leather shaving
wastes, thermoplastic polyurethane (TPU) composites incorporating wet-white leather
shavings as filler materials were successfully developed for the production of filaments
suitable for Fused Filament Fabrication (FFF). A complete characterization on the material

was carried out to investigate specific issues related to the specific AM technique.

The chemical characterization of the glutaraldehyde-tanned wet-white leather shavings
confirmed their full compliance with the main international regulatory frameworks governing
the safety of leather materials, that have been considered as a precautionary approach. The
analyses demonstrated conformity with the applicable requirements of the REACh
Regulation, the POP Regulation, and the Oeko-Tex Leather Standard, ensuring the absence of
restricted or hazardous substances commonly associated with tanning processes. Considering
the material’s intended application at elevated temperatures during extrusion and additive
manufacturing, additional investigation against JAMA standards and Oeko-Tex limits for
volatile organic compounds confirmed the compliance to the requirements and the absence of
harmful emissions after thermal processing. In fact, no critical concentrations of heavy metals,

chlorinated compounds, or residual aldehydes were detected, and the emissions of VOCs and
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SVOCs were found to be negligible. These results indicate the possibility to classify this

material as a safe by-product.

A morphological study was conducted on wet-white leather waste after pulverization using a
grinder and subsequently sieved through three different mesh sizes (4.0 mm, 1.5 mm, and 0.5
mm) to evaluate the influence of grinding conditions on particle geometry and homogeneity
and subsequently on the TPU composites. For each sieve, the particle size distribution (PSD)
was determined by introducing a new microscopy-based method employing Digital Image
Processing through an open-source image editing software (GIMP), which allowed the
quantitative analysis of 2D particle dimension and aspect ratio. The results demonstrated that
the grinding process using a 1.5 mm sieve produced particles with a predominantly fibrous
morphology and uniform dimensions, whereas larger particles obtained with the 4.0 mm sieve
showed irregular and heterogeneous shapes, often agglomerated or lamellar in structure. The
0.5 mm sieve did not lead to a significant reduction in particle size compared to the 1.5 mm
one, although it provided a slightly narrower size distribution. The measured aspect ratios
confirmed the predominance of elongated, one-dimensional fragments typical of fibrous
materials, which favor better interfacial adhesion with the polymer matrix. From a processing
standpoint, the 1.5 mm grinding condition represented the optimal compromise between
dimensional uniformity, fibrous morphology, and process efficiency, avoiding excessive
grinding time and energy consumption. The resulting fine, homogeneous particles ensured
smooth extrusion during filament production, reducing the of nozzle clogging during the

printing and consistent material flow.

Ground leather waste was compounded with a thermoplastic polyurethane (TPU) matrix for
the production of filament intended for fused filament fabrication (FFF). A loading of 40 wt%
leather waste was identified as the technological limit, as the resulting filament became
excessively brittle and tended to break during the spool installation phase within the printer’s
feeding system. Neat TPU and composite materials containing different filler concentrations
(from 0 wt% to 30 wt%) were therefore physically and mechanically characterized in order to

identify the material properties related with specific issues of additive manufacturing by FFF.

SEM analysis of composites materials demonstrated a good dispersion of the leather fibers
within TPU. Thermal analyses provided valuable insights into the influence of leather waste

incorporation on the thermal behaviour of TPU-based composites. The addition of shavings
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induced noticeable variations in both the crystallization and melting behaviour of the polymer.
In particular, increasing the filler concentration resulted in a shift of the TPU melting
temperature from 205 °C to 221 °C, suggesting a reduction in polymer chain mobility due to
the presence of the filler. Similarly, the crystallization temperature increased from 106 °C to
162 °C, which can be attributed to a nucleating effect of leather particles. These modifications
in the thermal transitions are particularly relevant for the definition of suitable printing
parameters, as the higher melting temperatures observed in DSC analyses must be taken into
account when setting up extrusion and FFF processing conditions. Furthermore, TGA results
confirmed the thermal stability of both TPU and leather-filled composites within the extrusion
and printing temperature ranges, indicating that no significant degradation is expected during

processing.

The rheological analysis of TPU and its leather waste composites provided essential insights
into their suitability for FFF processing. The frequency sweep tests revealed a typical non-
Newtonian shear-thinning behavior, with the complex viscosity decreasing by two to three
orders of magnitude as the angular frequency increased. This behavior is consistent with
polymer melts suitable for extrusion-based additive manufacturing. The results confirmed that
melt viscosity plays a crucial role in printability, since excessively low values may lead to
uncontrolled spreading of the extruded material, while high viscosities can cause nozzle
clogging or filament buckling during feeding. At angular frequencies corresponding to shear
rates experienced during printing (approximately 500-1000 rad/s), all tested materials
exhibited complex viscosities within the optimal range for steady flow and process stability,
ensuring adequate layer deposition without dripping or flow interruptions. Overall, these
results confirm that the developed TPU/leather composites maintain rheological

characteristics compatible with reliable FFF processing.

Mechanical characterization revealed an evident influence of the filler content on the tensile
behavior of TPU-based composites. The comparison between neat TPU, leather waste, and
the corresponding composites at different filler concentrations highlighted a progressive
decrease in elongation at break with increasing filler content. A distinct transition was
observed at 20 wt%, where the composites exhibited a marked loss of ductility, becoming
significantly more brittle and displaying mechanical behavior comparable to that of the

original leather tested along the backbone direction. These findings are particularly relevant
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for additive manufacturing applications, as the mechanical properties of the filament strongly
influence the behavior of the printed components. As verified in the printability tests, the
increase in elastic modulus with higher filler concentrations did not adversely affect the

dimensional stability of printed parts.

Printing trials conducted using a Bambu Lab X1C printer allowed the identification of optimal
processing parameters for TPU/leather waste composite filaments. Extrusion tests were
performed at 215 °C, 220 °C, 225 °C, and 230 °C, with nozzle speeds of 50 mm/s and 100
mm/s, through both 1D and 3D printing evaluations. The 1D tests, focused on assessing
dimensional accuracy by comparing the measured filament width to the nominal value (0.42
mm, with an acceptable deviation of = 20 %), revealed significant differences among the
tested conditions. Extrusion at 215 °C resulted in poor adhesion to the print plate and an
excessive reduction of the deposited path cross-section, indicating insufficient melt flow and
incomplete fusion. Conversely, extrusion at 230 °C caused excessive material expansion
during deposition, compromising dimensional accuracy. Both temperatures were therefore
excluded from the optimal processing window. Printing at 220 °C and 225 °C ensured stable
and accurate filament deposition, maintaining dimensional consistency and filament integrity.
Statistical analysis confirmed that the incorporation of 20 wt% and 30 wt% leather waste
affects filament width, generally producing slightly larger dimensions than neat TPU under
the same conditions. This can be attributed to modifications in viscosity and filler distribution,
which influence melt flow behavior during extrusion. Nevertheless, the selected parameters
(220 °C-225 °C, 50 mm/s) enabled controlled and reproducible deposition, even at higher
filler loadings. In contrast, printing at 100 mm/s led to excessive deviations from the nominal
width, particularly for filled composites, and was therefore deemed unsuitable for precision
printing. Overall, the 1D printing tests identified 220 °C and 225 °C at 50 mm/s as the optimal
process parameters for TPU/leather waste composites, ensuring proper adhesion, dimensional

reliability, and high-quality extrusion performance within the FFF process.

Finally, 3D-printed test cubes validated the experimental results and actual feasibility of using
these materials in additive manufacturing, while interlayer adhesion tests quantified their
mechanical performance. The 3D printing trials, performed at 50 mm/s and extrusion
temperatures of 220 °C and 225 °C, provided further insight into the processability and surface

quality of TPU/leather waste composites. Visual inspection of the printed test cubes revealed
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a clear correlation between filler concentration and surface morphology. As the leather waste
content increased, the surface became progressively rougher and less uniform, with a
noticeable loss of layer definition. This effect is attributed to the presence of leather particles,
which disrupt the regularity of the extruded paths and contribute to the formation of uneven
textures. Consequently, higher filler contents lead to increased surface irregularity, potentially
affecting interlayer adhesion and mechanical performance of the printed parts. The ANOVA
results for welding strength and elongation at break confirmed that the collagen content (wt%)
is the only statistically significant factor influencing these mechanical parameters (p < 0.05).
From a mechanical point of view, increasing collagen content resulted in a progressive
reduction of both welding strength and elongation at break, while slightly improving the
standard deviation. Specifically, when the filler concentration increased from 20 wt% to 30
wt%, the welding strength decreased by about 52 % (from 2.52 N/mm to 1.12 N/mm) and the
elongation at break decreased by approximately 75 % (from 18 % to 4.5 %).

Despite these limitations, the results demonstrate that the developed TPU/leather waste
composites remain printable via FFF up to 30 wt% filler content, although within a narrow

process window to ensure adequate final quality.

Their reliable printability and distinctive appearance make them promising candidates for
fashion accessories, decorative elements for bags and footwear, and sustainable packaging.
Moreover, potential applications extend to automotive interiors such as door panel inserts or
aesthetic trims and custom furniture components (e.g., handles or decorative fittings), where
the material’s balance between processability, aesthetic value, and environmental benefit can

be fully exploited.
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