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Final Report

Abstract

The aim was to disassemble shoes in such a way that the shoe components could be separated
as accurately as possible. For this purpose, a composition of proposals was developed for
modular shoe design and production-adapted construction, which enable the disassembly and

fractionation of the specific shoe components.

The residual fractions obtained are to be reused. For this purpose, options for reuse and recycling
were investigated using a number of processes such as pyrolysis and hydrolysis. The process

with the greatest ecological reuse potential was then determined.

In order to meet the requirements of a zero-waste economy and - taking into account the
increasingly relevant topic of smart shoes - the Electronic Devices Act and to reduce the amount
of waste, it is necessary to be able to recycle the materials used in production. This leads to shoes

that can be dismantled.

The separation of material-specific shoe components such as soles, leather, textiles and
electronics should be possible with the help of a shoe fractionation plant developed at PFl. The
shoe modules investigated and adapted as part of the project will be used to further develop the
dismantling steps of the fractionation plant so that they can be separated, categorized and sorted

accordingly during fractionation. The aim is to optimize the energetic and combined material use
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of the residual fractions of the shoes at the end of their useful life for a sustainable use of the
available residual materials.

The project aim has been achieved.
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1 Scientific-technical and economic background

Targeted Market Sector

The footwear is consumer goods very important for all of us. It has many rolls in our civilization,
among them saving our feet, improving our activities and helping us to be fashionable are the
most obvious. The footwear sector is a diverse industry which covers a wide variety of materials
(textile, plastics, rubber, and leather) and products ranging from different types of men's,
women's, and children's footwear to more specialized products like snowboard boots and
protective footwear. This range of end products reflects the many industrial processes,

enterprises, and market structures within the sector. The shoe consists of many kinds of material.
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The production and using of footwear can generate many kinds of wastes, many types and from
different materials. In 2019, the footwear sector included around 21.000 enterprises, generated
€29 billion in turnover, and produced €7.2 billion in added value (around 0.5% of total EU
manufacturing). The industry directly employs more than 250.000 people. Near 75% of total EU
footwear production is concentrated in three countries: Italy (mainly Lombardy, Emilia-Romania
and Veneto), Spain, (Castilia, La Rocha, Murcia, Catalonia, Alicante-Elda) and Portugal (Lisbon
Region, Alentajo). Italy alone is responsible for around 50% of production. The European footwear
industry consists of a large number of small enterprises, employing on average 10-15 employees,
and with an average turnover of just over €1 million. Most of these businesses are located in
regions with low industrial diversity.! Many European companies have moved to high-quality and
high-added value segments and niche markets. These include high-end footwear, children’s

shoes, footwear for specific applications (protective, golf, skiing boots), and bespoke footwear.

European footwear products are highly sought after, both within the EU and global markets, due
to their quality, design, and style. Considering the material structure of European products, we
can find, that near 80% of produced shoes are with leather uppers. As the sole materials near
90% it is polymeric- specially TR rubbers and polyurethanes. For example, the PVC is reduced

twice during last 10 years, and now it's share on the market is not higher than 10%.

But there is also huge import of footwear to Europe. This value per pairs is 1.5 times higher than
inner production. The main suppliers of footwear to the EU are China (almost 50% of all imports),
and Vietnam (14% of the total value of imports). Taking into account the material structure of
imported product, we can find, that the situation is quite opposite. More than 80% of imported
shoes are with textile uppers. As the sole materials near 90% it is polymeric - specially TR rubbers,

EVA and polyurethanes.

The footwear industry plays also important role in Poland's global production. It is the industry
strongly cooperated with others, for example tannery, textile, and what is especially important for
this project - polymeric industry. Currently the term "creative and fashionable industry" is often
used. It is associated with textile and leather industry altogether. The Polish shoe and leather
industry is characterized by numerous small and medium-sized companies. According to current
statistics, there are about 5.000 companies in Poland. Of these, approx. 4.500 companies offer

are connected in shoe or similar production. According to the data from Polish Statistical Office

' https://ec.europa.eu/growth/sectors/fashion/footwear-industry/eu-footwear-industry_en
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(2018) in Poland, there exists nearly 600 companies based in Malopolska and over 500 in Silesia.
Apart from that, there are more than 1.500 companies throughout the remaining Poland areas. It
is essential to recognize that the statistical data only show us the enterprises with more than 9
workers. Considering all kinds of “footwear” activities, which is declared by the people on their
private businesses, production, repairs, sales, accessories production, the average number of
manufacturers grows up to 5.000. It is also difficult to count the production in micro enterprises,
sometimes companies based on self-employed worker. In most cases, this production is very
small for one enterprise/person, but per capita it can reach up to1 -2 million pairs per year. The
main areas in Poland in which the footwear is produced are Silesia and Matopolska regions. In
Silesia, the industry is concentrated around the cities of Czestochowa and Myszkdw, while in
Matopolska, the key are areas are Kalwaria Zebrzydowska and Podhale.Besides the ones
mentioned above, the important centres of footwear industry are located in taskarzew), Lukow
and Radom (Masovia), Stupsk and its surroundings. (Pommerania). When observing
technological evolution, it can be noted, that the implementation of new technological
methodology is more frequent in small and medium enterprises. It is easier for them to attend
fairs, meetings etc., where the new designs and technological solutions are being presented. It is
also easier for them to collect funds for co-finance the implementation of new solutions as well as
installing the mechanical equipment. These are the reasons, why micro enterprises are rather
‘behind’ in the technological meaning, nonetheless they have their own small market, where their

good quality and design help them exist.

State of the art

The footwear consists from many polymeric and natural materials. On Polish market are present
approx. 150 min pairs of shoes. Near 46 min pairs are produced in Poland, more than 100 min
pairs are imported. Looking at the material's present in those products we can find many kinds of

natural material and polymers.

1. Shoe Uppers protect our feet and make them comfortable using. The following materials are
mainly used in footwear industry as upper materials:

1.1. Leather is a wonderful and primary material for shoe uppers. Its unique properties and
characteristics make it the ideal choice for many different applications. It has a high tensile
strength and is resistant to tearing, flexing and puncturing. This helps leather items last for a long

time while retaining their look and feel. It is a good heat barrier and provides excellent heat
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insulation. Leather contains a large amount of air, which is a poor conductor of heat. This makes
leather a very comfortable item for the human skin. It can hold large quantities of water vapor
such as human perspiration and then dissipate it later. This makes leather a comfortable item to
wear or sit on, breath ability makes it very comfortable to wear in any climate. Leather is resistant
to abrasion in both wet and dry environments, resistant to heat and fire. It is also resistant to
fungal growth such as mildew.

1.2. Textiles are materials which are made up of a network of artificial or natural fibers (yarn or
thread) formed by knitting, weaving, or pressed into felt. Textiles are most often used in the
manufacture of shoe as upper materials.

There are many different types of fabric, each has its own unique properties such as strength and
degree of durability, color hue and color intensity. The thickness, one of the fabric properties, is
estimated in deniers. The term “micro-fiber’ denotes fibers that are made of strands with the
thickness less than one denier. A few most used types: cotton, wool, silk, polyester, nylon, viscous
rayon, acrylics. The production of shoes with textile uppers increasing year by year. The textiles
comes to types of shoes also strictly reserved for the leather. For example, men's town shoe - the
uppers of this kinds are nowadays in more than 10 produced with used of textiles instead of

leather. On the other side are sports shoes, with participation of textile uppers more than 60%.

2. Shoe soles. The following polymeric are mainly used in sole materials:

2.1. Vulcanized rubber is a very good material for shoe soles. The vulcanization process also
hardens the rubber, making it less susceptible to deformation — particularly compared to non-
vulcanized rubber which will deform far more quickly under stress. This hardening of the rubber
also increases its tensile strength.

Further benefits of vulcanized rubber: excellent resilience, returns to its original shape, low water
absorption, high resistance to oxidation and abrasion, good electrical insulation, resistant to
organic solvents.

2.2. Polyurethane is widely used as a sole material, because of their advantages: solvent
resistant, oil resistance, sliding abrasion resistance, excellent mechanical properties, resistance
to heat aging, vibration dampening, higher split tear strength, MDI &TDI food grade applications.
2.3. Polyvinyl chloride, (plasticized) was widely used in the past, now the use of plasticized PVC
as a sole material decreases. The main advantages of this material are: adequate rigid, high
impact strength, easy to extrude or mould, lower temperature resistance, usually lower ultimate
tensile strength and is relative cheap.

2.4. Thermoplastic (TR) rubber is a relatively new class of polymer. It has the solubility and

thermal plasticity of polystyrene, while at ambient temperatures it has the toughness and
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resilience of vulcanized natural rubber or polybutadiene. These rubbers are actually block
copolymers. The simplest form consists of a rubbery mid-block with two plastic end blocks (A-B-
A). The advantages are: grip, weight, abrasion resistance, flexibility, excellent winter properties,

and easy to extrude or mould.

The footwear industry employs a wide variety of materials to make a diverse range of different
types and styles of shoes. The some of the commonly used materials and components in a typical

training shoe has been presented in Figure 1

Cotton, Polyester, Polyurethane(PU),
Wool, Felt, Leather/Suede

Steel, Brass

PET, Nylon
5 Aluminium, Nylon

Sole liner

Vamplupper

e rEE S Insole -

Vulcanised Rubber, Thermoplastic Rubber,
Poly Vinyl Chlonde (PVC), Ethylene Vinyl
Acetate (EVA), Polyurethane (PU)

Figure 1: A typical shoe with main parts and their commonly used materials (Lee et al., 2012)

The complex material mixture of shoes and the wide variety of construction techniques used
necessitates the use of an automated recycling process, based upon technologically feasible and
commercially viable recycling technologies. Recycling technologies considered technically and
economically feasible for footwear products include: disintegration and granulation technologies,
air based separation devices, liquid-based density separation, and for metal material recovery,
magnetic separation and eddy current separation and simple sensor-based "detect and eject"
chutes (Lee et al, 2012). Other commercially available recycling technologies such as
electrostatic separation devices and advanced sensor-based sorters (Dodbiba et al., 2005;
Tilmatine et al., 2009; Tsuchida et al., 2009) have also been included in shoe recycling. However,
more research is needed on the technical and economic feasibility of such recycling technologies
for mixed footwear products.
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Economic Impact

The economic aspects of the proposal results from the negative influence of used shoes on the
environment. The huge number of shoes present on the market and used by consumers can give
the idea of the scale of the problem. For example, year by year on the Polish market are present
near 150 million pairs of shoes, domestic production and imported.

Near 68 million of them have the leather uppers, near 75 million - textile uppers. Taking the
average weight of upper between 0.4-0.6 kg per pair it can be found with high approximation, that
we have near 41.000 ton of used leather and near 40.000 ton of used textiles year by year, as a
waste.

Similar, the presence of polymeric wastes is also impressive. It is, approximately, 22.000 ton of
used PVC, 56.000 ton of used PU, 44.000 ton of used TR Rubber and 21.000 ton of used
vulcanised rubber. After analysing those data, even estimated, we can recognise, that the
problem should be solved. The data mentioned above are concerning only one country, with
average consumption per capita near 3 pairs/year. Looking the whole EU those values are
extremely huge. For example, in Germany with average consumption per capita near 4 pairs/year,
the amount of polymers, used leather and textiles, existing nowadays as "used shoes" are even

twice more.

Increasing awareness of the end consumer for ecological problems such as the protection of
resources or energy consumption and the associated environmentally friendly everyday and
consumer behavior, the demand for ecological and at the same time high-quality products
produced in one's own country is growing. At the same time, the shoe industry, like other branches
of industry, faces the challenge of keeping production costs as low as possible. This also applies
to suppliers of materials, components or parts for footwear as well as equipment manufacturers.
The feedback from local industry regarding the research project proves the lively interest in the
various branches of industry, SMEs from the fields of safety footwear, plastics/injection molding,
footwear textiles and thermal process engineering agreed to support and participate in the
collaborative project. The are the reasons, that social aspects of the project, which can show to
the consumers the necessity to reduce the waste production and to the industry - the necessity
to use waste as a recycling material. The project is intended to open up the possibility of
expanding their existing fields of business and, in particular, of opening up new branches of
industry and customers. It is expected, that the impact on level on qualification and the working
condition will be positive, due to improving existing technology of waste recycling and polymeric

waste processing. The project will improve the organization of used shoe collection, because
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nowadays it is only on the beginning of their proper and efficiency way. The use of recycled or
reused materials in complex products and in material combinations still poses a considerable
challenge and has hardly been implemented in practice so far. The complex requirements for
processing, compatibility, stability as well as temperature and hydrolysis resistance are decisive.
This is precisely where the present project comes in. On the one hand, a wide variety of materials
are used in the footwear, and on the other hand, the product is characterized by high demands
on stability, material resistance and safety. This means that there are excellent conditions for
transferring successful developments that have been demonstrated on this product to other

sectors and product groups.

Despite these obvious economic problems, the project offers sustainable and attractive
development potential. Especially in the sectors that used to be strongly geared to the shoe
industry and in some cases still are today, a wide range of innovative SMEs can be found. Many
of these companies have already diversified and acquired new clientele and target markets. The
goals set in the project, in close cooperation with various companies in the above-mentioned
sectors, support this development in the long term. This not only offers opportunities to maintain
existing jobs, but also to create new sustainable jobs in the region in the medium term.

The aspects of the use of resource-optimized material use and recycling addressed in the project
will also have a positive impact on the environment in the medium term. Through an increased
recycling rate of polymeric materials, the project contributes to the conservation of resources, the
reduction of waste problems in the plastics sector and the reduction of CO; emissions. However,
it is precisely these aspects that can also contribute to the economic success of the targeted
processes and technical solutions. In the EU successful and competitive processes and products
are defined by quality and a high technological standard. However, the climate and environmental
discussions and an increased demand for "green" products mean that sustainable and ecological

production processes and materials are playing an increasing role in marketing to end customers.

The Need

The problem of waste from shoe utilization, reusing or recycling is generated in the processing of
shoe using and applies to all market. The existing system of receiving of used shoes and its
transfer to recycled or reused materials does not completely fulfii the expectations of
entrepreneurs. The surveys were carried out among a group of entrepreneurs and organizations

existing on the economical market, which was representative in terms of size of the company and
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type of production. They show that almost everyone is interested in the possibility of building quite
new or changing the used shoe management system, especially if it is more economical. More
than half of medium-sized enterprises are interested in the utilization of recycled materials, if it
does not reduce the quality of their products and will be cheaper and economically interested.
The particular interest of the entrepreneur is expressed in the following possibilities of reusing

waste:
* modern way of collecting used shoes,

» methods of purification and separation of materials consisting of the upper and the sole of the

shoe,
» economical methods of utilization or reusing and recycling used shoes.

The conducted analysis shows that most entrepreneurs, producing shoes or shoe parts, or other
technical products prepared from polymers declare their cooperation in the field of industrial tests

necessary to conduct research on new technologies of recycling and reusing.

2 Overall Approach

The analysis of the actual situation on the shoe consumer's market from the viewpoint of used
shoes and main kinds of materials and types of constructions used for production of shoes. This
will be performed in WP2 by OIBS. In order to reach the targets, the post-consumer waste shoes
have to be fractionated classified in defined types of waste e.g. leather, textile, rubbers and
electronics. The demounting of shoes and the materials segregation collected will be done in
WP3. In turn, in WP4 the footwear construction and their impact on recycling and reusing
possibility of sole materials will be analysed by PFI. In turn in WP5, method for treatment of upper
material of the shoes (in form of textile and leather) obtained in WP3 will be developed by £-ITEE.
For treatment of upper material of the shoes, the use of thermochemical conversion has been
proposed. This technique will be used to transform waste materials into product useful resources
in the form of sorption materials. Optimization of process parameters enabling the effective use
of sorption materials from uppers in industry will be developed in WP6. Based on the research in
lab-scale of WP5 the process parameters enabling the effective use of sorption materials in

industry will be found by extensive sorption tests in WP7. The project management and
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dissemination are located in WP1 and WP8, respectively. Figure 2 shows the overview of the

work packages structure with their interdependencies.

WP 2: The analysis of the actual situation on the shoe consumer's market from the
viewpoint of used shoes and main kinds of materials and types of constructions used for
shoes (OIBS)

el

WP 4: Materials used for shoe soles ; WP 5: Development of methods for
construction and their impact on utilization and recycling of upper

recycling and reusing possibility A material of the shoes on lab-scale
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WP 7: Development of methods for the
regeneration of the sorption bed
formed in the thermochemical

conversion of footwear elements and
the management of the used sorption
material (£-ITEE)

Figure 2: Overview and interdependencies of the work packages

3 Report from the Work Packages

3.1 Work Package 1

Project management and coordination

The project was accompanied by constant technical and financial project management and
controlling. Regular internal and external project meetings were held to ensure achievement
of the project objectives. The consortium meeting was conducted twice a year. In addition,
regular video conferences were held with the two research centers involved to find any
problems early on and be able to take countermeasures.

These meetings allow all partners to understand the developments done by the others, align
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the work, discuss open points and plan the work. Frequent emails, phone and Teams

communications complement an efficient communication between partners.

In the following, the work package carried out in the framework of the project will be

summarized in tabular form with the intended deliverables. The detailed description of the

work and results is given in the corresponding chapters.

Work package number

WP 1. Project management and coordination

Deliverables:

D 1.1. Semi-annual progress reports and meetings of the
research performers
D 1.2. Mid-term report

Work package number

WP 2. The analysis of the actual situation on the shoe
consumer's market from the viewpoint of used shoes and main
kinds of materials and types of constructions used for shoes

Deliverables:

D 2.1. The detailed report will be prepared, showing actual
situation in the shoe consumer's market from the viewpoint of
used shoes

D 2.2. The detailed report will be prepared, showing main kinds
of materials and types of constructions used for shoes

D 2.3. The detailed report will be prepared, showing rules post-
consumer footwear collecting

Work package number

WP 3. Demounting of shoes and the materials segregation

Deliverables:

D 3.1. Module-catalogue

D 3.2. Fractionation-capable module for electronics in the shoe
D 3.3. Demonstration of disassemble of shoes disassembled
example shoes (sole, upper)
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Work package number

WP 4. Materials used for shoe soles construction and their
impact on recycling and reusing possibility

Deliverables:

D 4.1. The basic method of recycling sole materials will be
proposed

D 4.2. Model sole and sample preparing. The technological
parameters will be optimised

D 4.3. The properties of soles and model materials in the
"plate" form obtained with presence of recycled polymers will
be investigated

D 4.4. The shoes with soles with recycled polymers will be
prepared in industrial trial

D 4.5. Technical goods will be prepared with presence of
reused polymers

Work package number

WP 5: Development of methods for utilization and recycling of
upper material of the shoes on lab-scale

Deliverables:

D 5.1. Representative samples of upper material of the shoes
are collected and made available for laboratory scale
experiments and chemically characterized

D 5.2. Report of optimization of thermal treatment parameters
of representative samples of upper material of the shoes in lab
scale

D 5.3. Report of characterization of solids, liquid and gases
phases after thermal treatment of representative samples of
upper material of the shoes

Work package number

WP 6: Optimization of process parameters enabling the effective
use of sorption materials from uppers in industry

Deliverables:

D 6.1. Report of optimization of sorption parameters with use
bed obtained after thermochemical conversion of solid waste in
lab scale for optimal effectiveness

D 6.2. Report of upscaling of sorption process with use bed
obtained after thermochemical conversion of solid waste to
pilot scale
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Work package number

WP 7: Development of methods for the regeneration of the
sorption bed formed in the thermochemical conversion of
footwear elements and the management of the used sorption
material

Deliverables:

D 7.1. Determination of the physical and chemical parameters
of the used sorption bed

D 7.2. Development of an optimal method of regeneration of
the sorption deposit resulting from the thermal treatment of
shoes materials

D 7.3. Optimization of the combustion process of the spent
sorption bed leading to energy production

Work package number

WP 8: Dissemination and exploitation

Deliverables:

D 8.1. Project website
D 8.2. Articles in scientific journals and popular magazines
D 8.3. End Report

Deliverables

Following the table of Deliverables

WP | DELIVERABLES WP Status
leader
1 D 1.1: Semi-annual progress reports and meetings of the research | PFI/OIBS | 100%
performers
D 1.2: Mid-term report
2 D 2.1: The detailed report will be prepared, showing actual situation in | OIBS 100%

the shoe consumer's market from the viewpoint of used shoes.

D 2.2: The detailed report will be prepared, showing main kinds of
materials and types of constructions used for shoes.

D 2.3: The detailed report will be prepared, showing rules post-consumer
footwear collecting.
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3 D 3.1: Module-catalogue PFI 100%
D 3.2: Fractionation-capable module for electronics in the shoe

D 3.3: demonstration of disassemble of shoes disassembled example
shoes (sole, upper)

4 D 4.1: The basic method of recycling sole materials will be proposed PFI/OIBS | 100%

D 4.2: Model sole and sample preparing. The technological parameters
will be optimised.

D 4.3: The properties of soles and model materials in the "plate" form
obtained with presence of recycled polymers will be investigated.

D 4.4: The shoes with soles with recycled polymers will be prepared in
industrial trial.

D 4.5: Technical goods will be prepared with presence of reused
polymers.

5 D 5.1: Development of a technology for thermochemical conversion of | L-ITEE 100%
solid waste in form of upper material of the shoes generated after
footwear degradation.

D 5.2: Report of optimization of thermal treatment parameters of
representative samples of upper material of the shoes in lab scale.

D 5.3: Report of characterization of solids, liquid and gases phases after
thermal treatment of representative samples of upper material of the
shoes.

6 D 6.1: Report of optimization of sorption parameters with use bed | t-ITEE 100%
obtained after thermochemical conversion of solid waste in lab scale for
optimal effectiveness.

D 6.2: Report of upscaling of sorption process with use bed obtained
after thermochemical conversion of solid waste to pilot scale.

7 D 7.1: Determination of the physical and chemical parameters of the | t-ITEE 100%
used sorption bed.

D 7.2: Development of an optimal method of regeneration of the sorption
deposit resulting from the thermal treatment of shoes materials.

D 7.3: Optimization of the combustion process of the spent sorption bed
leading to energy production.
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waste in form of upper
material of the shoes
generated after
footwear degradation.

8 D 8.1: Project website PFI/OIBS | 100%
D 8.2: Articles in scientific journals and popular magazines
D 8.3: End Report
Milestones
Following the table of milestones.
MILESTONES
Milestone | Milestone name Work Lead Achieved | Comments
no. package | beneficiar | Yes/No
no. y
MS3 M 3.1: Fractionation WP3 PFI Yes Means of
capable plant verification:D3.1,
D3.2, D3.3
achieved
M 4.1: The
MS4 parameters of WP4 PFI/OIBS | Yes Means of
preparing the used verification: D4.1,
polymers for recycling D4.2, D4.3, D4.4,
will be settled. D4.5 achieved
M 4.2: The
optimization of
recycling and reusing
polymers will be done.
M 5.1: Development
MS5 of a technology for WP5 L-ITEE Yes Means of
thermochemical verification: D5.1
conversion of solid achieved
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M 6.1: Demonstration

MS6 of an effective WP6 L-ITEE Yes Means of
sorption process with verification: D6.1
using bed obtained achieved
after thermochemical
conversion of solid
waste of shoes
materials.

MS7 M 7.1: Development WpP7 L-ITEE Yes Means of
of a method of verification: D7.1,
regeneration of the D7.2, D7.3
sorption deposit achieved
resulting from the
thermal treatment of
shoes material and its
management after
used full.

MS8 Creation of the 15t WP8 PFI/OIBS | Yes Means of
year activity report verification: D8.1,
Creation of the final D8'.2’ D8.3
report achieved
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3.2 Work Package 2

The analysis of the actual situation on the shoe consumer's
market from the viewpoint of used shoes and main kinds of

materials and types of constructions used for shoes

As part of the task, the study "Analysis of the current situation on the footwear market from the
point of view of used footwear and the main types of materials and structures used in footwear"
was prepared, which is included in the project documentation maintained by OIBS. The basic

conclusions and statements contained in the study are presented below:

1. With global footwear consumption exceeding 20 billion pairs, the used footwear market is not
only a significant burden on the natural environment, but also a potentially large source of raw
materials. It is estimated that currently only about 5% of footwear is recycled. There is therefore
an urgent need, forced by both environmental protection and economic factors, to address the

problem of used footwear and develop methods of recovering the raw materials contained in it.

2. Footwear is a multi-material product. Some footwear models may use about 40 different
materials from which individual elements of the footwear are made. Those materials are quite
different from chemical and mechanical properties. This makes recycling this product
technologically very difficult. On other problems are separation of those materials and demounting
of footwear. Because of technological conditions the elements made from different materials are
strong connected and mixing very often. Nevertheless, intensive work carried out by many
commercial companies and research centers contributes to continuous progress in this field and

improvement of existing technologies.

3. After the end of their life cycle, footwear becomes waste, difficult to manage due to its multi-
material and complex structure. Natural leather and textile materials are most often used as upper
materials, and synthetic polymers (plasticized PVC, polyurethanes, thermoplastic rubbers and
vulcanized rubber) as lower materials. The problem of disposing of post-consumer footwear is

becoming more and more urgent. To do this, you should:
» develop legal principles,

» consider possibilities of reducing the amount of waste generated,
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» develop methods for recycling used shoe materials,

» develop methods for reusing used shoe materials,

» develop methods of using waste as an energy source,

» develop general rules for dealing with post-consumer shoe waste,

4. Footwear is most often purchased once a quarter (47%) or once every six months (31%).
Women do this more often than men. The number of shoe purchases per year increases
with increasing education and income, but decreases with age, with the group aged 25-54
being more or less uniform. Shoes are bought less often than clothes in discount stores and
outlet centers.

Athletic footwear generally has a much shorter lifespan than other types of footwear
consumers use. It usually undergoes mechanical damage more quickly and is often moist
and sweaty. This means a shorter lifespan of such footwear. The nature of its use means
that regardless of the attempts made by producers to increase durability or the degree of
care taken by consumers, the service life of the footwear does not significantly increase.
This does not mean that they should absolutely be thrown away.

There are programs that facilitate the disposal of sports shoes in accordance with ecological
principles. Footwear in any condition and of any type is accepted. It is not selected for further
use. It is assumed that all collected footwear should be recycled. It involves mechanical
shredding of footwear and sorting the obtained elements into specific fractions, collected in

large containers.

5. Analysing what factors influence the popularity of footwear, sociological research shows that,
above all, we value shoes and we are perfectly aware of the important role they play in the entire
styling. It is thanks to them that we often feel more attractive and confident. It turns out that often
the right choice of shoes for styling has the greatest impact on the interlocutor's first impression

of us.

6. The footwear market in Europe generated revenues of over EUR 95.0 billion in 2017, which
makes footwear the second most important fashion segment in the European retail industry after
clothing.

In 2022, over 24 billion pairs of shoes were produced. Aimost 49% of global footwear consumption

is in Europe. The largest footwear producers in Europe are Italy, followed by Portugal and Spain.
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Footwear produced in the Far East is also imported to Europe in very large quantities -
approximately 2 billion pairs a year. The main producers are China, Vietham and Indonesia.
Footwear produced in Europe, approximately 80% has uppers made of natural leather, footwear
imported from the Far East - on the contrary, approximately 80% has textile uppers. More than
80% of footwear uses polymeric materials as sole materials, mainly vulcanized rubber, plasticized
PVC, thermoplastic rubbers and polyurethanes. The situation in the field of shoe disposal in the
European Union, the LIFE and PET (Environmental Footprint Method) programs were discussed.
Examples of pro-ecological solutions of several selected footwear manufacturers and companies
dealing with recycling and waste processing are given.

The most important are: Dutch firm Fastfeetgrinded with their machine SRM -Shoe Recycle
Machine, The machine processes up to 2.500 shoes per hour. It consists of a line of industrial
robots that separate the processed footwear and sort the separated materials into individual
fractions. Depending on the type of material separated from the processed footwear - polymers,
leather, textiles - it is collected separately and can be further processed. ATLAS - work and protect
shoe producer. This firm propose Recycling Safety Shoe ATLAS® is made only from recycled
materials - every element of this shoe has been completely thought out in such a way that it
complies with the principles of sustainable development.

SOEX Group with ECO-TLC Line. This recirculation line of is based on the use of mechanical
grinding, no supporting chemical processes are introduced. The current capacity of the
demonstration line is 1 ton of used shoes per day. However, the encouraging results mean that
the company continues to work on a high-performance industrial installation.

Depending on the type of shredded footwear, there are significant differences in the types of
recirculate obtained (e.g. when shredding sports footwear, more foam fraction is obtained).

The systems working in the USA, dealing with collection of used shoe are also mentioned - Shoe
Reuse & Recycling Options Running, NIKE System, Soles4Soul, Godwill, Retex Northwest. The

biggest firm in Poland, working with collecting is Vive.

3.3 Work Package 3

Demounting of shoes and the materials segregation

As part of the work package, a process for fractionating the shoe was developed in cooperation

with the project partners and shoe companies. This development took place with simultaneous
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consideration of the shoe construction. A catalog of materials has been compiled to show the
variety of shoe components and possible materials as well as the connecting materials that can
be used in a shoe. Due to the large variety of materials in the shoe, individual fractions were
allocated to the defined material groups so that they can then be further recycled in various ways.
The aim was to reuse individual, isolated material groups as secondary raw materials for the
production of new products, e.g. as fillers for sole materials, seals, etc.

The Table 1 summarizes the variety of Shoe-components and possible materials as well as the

joining materials that can be found in a shoe.
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Table 1: variety of Shoe-components and possible materials as well as the joining materials

Components

ReProcessShoe

Materials generally used

Joining materials

Schuhoberteil:

Upper Material

Leather / split leather

Textile-Materialien

Rubber

Polymerwerkstoff

Sewing thread

Intermediate lining Membrane
Leather
Leaf lining and quarter lining Textile

Thermoregulatorische-Materialien

Futter Fersenbereich

Leather

Textil

Thermoregulatorische-Materialien

Thermo-activated
adhesives/sewing thread

Sole:
i . . Metal Bandstahlplatte
Midsole: Penetration-resistant .
. Adhesive
insole
Non-metal Textile zB Aramid
Cellulose
Insole

Leather fiber

Coversole/insole

Foams

Shell sole/adhesive

Nonwovens

Shell sole/adhesive

Polyurethan (PUR)

Direct Moulding (direkt
angespritzt) oder
Schalensohle/Kleber

Thermoplastischer
Polyurethan (TPU)

Shell sole/adhesive

Outsole Polymer material
Gummi .
(Nitrilkautschuk) Shell sole/adhesive
Elemente:
Cardboard Adhesive
Lefa
Rear cap Thermoplastische Plattenware
Thermplastischer Gummi Adhesive
Ohne (Formung der Laufsohle)
Padding Foam
Space in between:
PUR
Cushioning TPU Adhesive
EVA
Mix Adhesive
Rubber
Overcap (optional) Various IeAathers
Carbon reinforced leather
Geschdumtes oder thermopl. PUR (TPU)
Metal Stahl _ Adhesive oder Direct Moulding
Aluminium
Toe cap
Plastic
Laces Textile mix
Metal Messing Adhesive
Eyelets

Plastic

Cornet 01IF00353C
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A basic problem with the separation of shoes into their individual raw material components is that
the design and manufacture does not currently consider the separability and reusability of the
individual shoe components. In the interests of high product quality, conventional shoe
manufacturing emphasises the inseparability of the components.

For efficient recycling, the individual materials of a shoe must be separated and sorted as
accurately as possible. In order to achieve this, despite the different material and material groups
and the strong joints between them, a systematic grouping was carried out. Due to the material-
related grouping, materials can be sorted into groups regarding their recyclability, initially
independently of the design: Outsole, Upper material (leather, textile), for safety shoes (safety
components such as protective toe caps and steel soles) and other components (padding,
membrane, reinforcements, joint inserts, etc.).

Based on the specifications and groupings presented, it has already been possible to narrow
down the main material groups.

Different types of shoes were put together, taking into account suitable materials. Three sole
materials were considered: EVA, TPR and PU, plus a few natural rubber soles that had to be
shredded by hand. The upper materials were leather and textile. Metal parts (eyelets, zippers,
design applications) were removed from the uppers.

The requirement for shredding to remove metallic components and to break them down into
coarse components was therefore met (Figure 3).

The minimum quantity for the grinder was 5 kg.

Sohlen

Figure 3: coarse components.
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Problem luminous shoe/smart shoe

This WEEE Directive 2012/19/EU (Waste of Electrical and Electronic Equipment) aims to
contribute to the sustainability of production and consumption, the efficient use of resources and
the recovery of valuable secondary raw materials by reducing the amount of waste for disposal
primarily through the prevention of waste from electrical and electronic equipment and also
through reuse, recycling and other forms of recovery of such waste [1]. Products must be correctly
labelled, and information provided for consumers. Manufacturers are also responsible for the
take-back and proper disposal of old appliances.

Textiles and shoes in which electronic components have been installed are also covered by the
WEEE Directive. This represents a major financial burden, especially for SMEs, as they are
responsible for taking back and disposing of smart products.

Problem with luminous shoe is the irreversible electronics built into the shoe. The electronics are
permanently installed in the shoe components (intermediate lining, sole) during production. The
electronics supply is moulded into the sole of the shoe and permanently connected to the LED
cables Figure 4. This is the usual procedure for flashing shoes on the market. However, as this

method generates the largest volume of electronic waste, this type of integration should be

avoided wherever possible.

Figure 4: Example of irreversible, fully integrated electronics in the shoe, as can currently be found

in shoes.

Experiment with heat: An attempt was made to pull the cables of the LEDs out of the foam using

heat. The foam was heated with a hot air fan and the cable was pulled. Unfortunately, the top
layer of the foam and the cable coating began to melt Figure 4. The inside of the foam remained

hard. The attempt to pull the cables out of the foam using heat was therefore unsuccessful.
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For the smart shoes available on the market (flashing shoes in the example), the separation of
the electronic components was tested with the help of a band saw (Figure 5). Until this test, it was
not clear that the LED cables remaining in the shoe also constituted electronic waste in
accordance with the ElektroG. The entire shoe concept was therefore proposed as a compliant

and recycling-friendly concept for accommodating the electronics in the luminous shoe.

X [ 1
/ X
Ay LEDs
T Leitungenzuden

A " LEDs

“ Vibrationssensor
Knopfzelle 2032

Gehause (Kunststoffschale
mit eingeklebtem PCB,
anschlieBend vergossen)

Figure 5: Cutting the electronic component in the heel with the band saw

According to the assessment, whether a product is an electronic device is determined by whether
electrical currents have ever flowed through the components for proper operation; in the legal
sense, these are permanently considered electronic components. If such components cannot be
removed, the entire device (in this case the shoe) is classified as an electronic device.

Integration concepts were created to accommodate the electronics module in a recyclable
manner (Figure 6). The electronics module is inserted into a pocket in the heel of the sole. One
option for the exact position would be to position the module in the center of the heel area of the
outsole so that it can be placed manually under the insole. The second option would be to position
it in the outermost heel edge of the outsole and insert it through an opening on the outside. Once
the shoe has been used, the electrical module can be removed and the shoe is therefore free of
electronics and no longer subject to the WEEE Directive. The light guides are not electronic

components and can remain in the shoe.
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Figure 6: Flashing shoe integration concept with removable electronics and remaining fibre optics.

Taking into account the increasingly relevant topic of “smart shoes”- to comply with the law on
electronic devices- a fractionable module for electronics in shoes is constructed and
demonstrated in a 3D process.

The concept includes light guides that remain in the upper and are connected to the housing in
the heel area of the sole during production. The housing contains the electronics and the energy
source. This connection is designed in such a way that the housing with the electronics can be
easily removed at the end of its service life.

A separate consideration of the actual shoe and LED element is conceivable, here if the LED
element could be easily removed/separated at any time (e.g. without tools). Fibre optics (in the
shoe) themselves are not electrical appliances.

Suitable components (microcontroller, IMU, LEDs and a button cell battery) were selected for the
electronics module (Figure 7). The components connected to each other in the CAE-Tool, the raw
circuit board ordered, and the components assembled in-house. To test the specified function the

firmware was programmed and uploaded to the electronics.

Figure 7: CAD model of the electronics.

In order to pack the circuit board compactly as a module, a 3D housing around the electronics
was constructed in the 3D-CAD (Autodesk Inventor). During the design process the housing was

printed with a Keyence AGILISTA-3200w. The side with the electronics is encapsulated with resin
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to protect the electronics from moisture and the other side where the battery is located is provided

with a cover that can be opened (possibility of battery replacement) (Figure 8).

Figure 8: Final CAD design of the housing for electronics and assembled module.

To make the electronics easy to remove, there should be no fixed connection between the
electronics, shoe and light guide. The electronics module is coupled to the light guide module

permanently installed in the shoe. The coupling is supported by magnets (Figure 9).

Lichtleiter-Modul Elektronik-Modul

Figure 9: Fiber optic and electronics module

In the firmware, the flashing sequence can be freely programmed, depending on the

measurement values from the IMU during moving foot.

In the Figure 10 the module is connected to the fibre optics, and the transported light during the

fibre optics are shown.

Lt

B
=

Figure 10: connected modules with LEDs switched on
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After researching the electronics law, the decision was made not to lay any current-conducting
cables for the lighting in the shoe (so as not to leave any electronic parts in the shoe, according
to the ElektroG), but to use fibre optics, which are not electronic components and can remain in
the shoe. Due to the very sensitive surface properties of the fibre optic cables, there are two
options for integrating them into the shoe. On the one hand with special precautions (heat,
mechanical stress) during assembly or the subsequent insertion into channels designed for this
purpose after assembly.

A demonstrator with integrated fibre optics in the sole and removable electronic module was

implemented (Figure 11). In this form, it is assessed as compliant with WEEE Directive.

Demonstrator flashing shoe

The shoe (Figure 11) was made in size 42 using the AGO method. Suede leather (suede) was
used for the upper and the lining material is made of smooth leather (pig). Vibram 893C Open

August was used for the outsole. The shoe was made on the last model (last no.: HP1892).

Figure 11: Demonstrator Shoe with removable electronic module and fibre optics

A design was chosen that includes a light source on the side of the outsole.

The flashing function of the shoe can be activated via the IMU, and the frequency and duration of
the light flashes can be controlled by the programmed firmware.
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Planning, construction, modification/instruction of the fractionation plant

One part of this value chain is the separation of the safety shoe into individual materials for reuse.
When separating the material groups, the PFI initially focussed on separating the main
components: Outsole and upper.

Due to the shoe structure and the associated joints (including the injection-moulded sole), it is
technically very difficult to separate the components by type. New possibilities for material
recycling, e.g. pyrolysis, may in future make it possible to dispense with strict separation of the
different sole plastics from each other, so that outsoles and midsoles, for example, do not have
to be separated from each other.

The system was tested, adapted and expanded with the shoes provided by the companies.
Modules (front gripper and rear gripper to catch the wire Figure 12 and Figure 13) were added to

the system. Commissioning and extensions or adaptations were carried out in iterative runs.
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Figure 12: front gripper
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Figure 13: rear gripper to catch the wire

The Upper-sole separation module is shown in Figure 14 and operates independently of the shoe
size. The Base frame is made of aluminum profiles and only the critically loaded components are
made of steel. The actuators are powered by the hydraulic unit and controlled by the PC.

The gripper picks up the front part of the shoe and the sole is gripped at the rear / The shoe
moves to the stop and the sole is gripped at the bottom. The sole is clamped and peeled off with

the correct shape and force.

Figure 14: Upper-sole separation module
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With regard to automated processes for dismantling composite materials, it is therefore first
necessary to collect information about their structure using sensors. The data collected by the
sensor system can then be used to control suitable actuators for separating individual bonded,
seam or welded joints.

Using the specific example of the robot-guided separation of the sole and upper of a safety shoe
on a band saw, we will first show which information about the shoe can be used to support this

process. (Figure 15)

I'mm l
QHOE |

Figure 15: Robot-guided system

The fractionation plant was optimised. Different cutting devices were analysed.
Through an iterative approach, the band saw was optimised for use with PU soles. (Figure 16)
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Figure 16: Fractionation module with band saw

As part of the collection of ideas for a method and device for recycling and reusing shoes, a patent
with the title “METHOD AND DEVICE FOR RECYCLING CONSUMER OBJECTS, IN
PARTICULAR SHOES AND A CONSUMER OBJECT PREPARED FOR SUCH RECYCLING”
was filed.

In this regard, further experiments are being conducted using a steel wire (Figure 17). The aim is
to cut/remove the sole from the upper using a steel wire placed between the sole and the upper
(Figure 18). Through a linear movement parallel to the sole-shaft line, the sole is separated from
the upper (Figure 19). This movement could be performed by a robot. The advantage of this
method is that no pretreatment of the shoe is required. The disadvantage is that the wire must be

guided individually.

Figure 17: steel cable
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Figure 19: Sole separated from the upper with steel cable

The result of the investigations to date is that it is not possible to separate the shoe into sole and
upper without information about the shoe itself.
As described below, dismantling-relevant information for the realisation of a robot-guided

separation of a shoe into sole and upper was investigated.
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Detection of the outer geometry of the safety shoe and its position in the robot's coordinate

system

Shoes come in countless shapes and sizes. For robot-guided separation of a shoe into sole and
upper, its position and geometry relative to the end effector? of the robot arm must be known. The
cutting plane for separating the sole and upper lies in the geometry of the shoe. If the cutting
plane can be placed in the shoe and the position of the shoe in the coordinate system of the
robot's end effector is known, a robot movement along the band saw suitable for separating the
shoe into sole and upper can be calculated.

It therefore needs a way of detecting the position of the shoe in the coordinate system of the robot
end effector.

The cut surface for separating the shoe into sole and upper must be integrated into the external

geometry of the shoe. To do this, it is first necessary to record the external geometry of the shoe.

Investigation of sensor-supported processes for the disassembly of shoes

The first part of the investigation has dealt with the investigation of suitable sensor-technology to
support the disassembly of composite materials (Table 2). The data, collected by the sensors can
then be used to control suitable actuators for the separation of individual bonded, seamed or
welded joints.

At the concrete example of partitioning a safety shoe into its main components shaft and sole by
robot guided sawing, necessary prior knowledge to calculate the movement of the robot has been

derived.

2 End effector = tool or device attached to the end of a robotic arm to interact with its environment and
perform specific tasks
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Table 2: The resulting detection problems, as well as the suitability of the investigated sensors,

are summarized in table

sensor- exterior position of steel finterior geometry foreign objects
technology geometry [soleplate
optical yes no only parts that are not  only outlying
coordinate shaded geometries, not
measuring of interest
Tactile no no only reachable parts only outlying
coordinate (show geometries, not
measuring deformable) of interest
inductive no perhaps perhaps insole by only large
creating detectable areajmetallic objects
ultrasonic no no no no

(inaccurate)

(unknown carrier

(unknown carrier

(unknown carrier,

tomography

substrate) substrate) substrate)
thermographic |perhaps perhaps perhaps perhaps
photogrammetry
Terahertz no perhaps no yes
photogrammetry (only metallic
objects)
X-ray computed \yes yes yes yes

The acquisition of the exterior geometry by means of photogrammetry, can be solves

economically by using two standard-industrial-cameras. In addition to photogrammetry, the
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external geometry can also be acquired via laser-line- triangulation, fringe-light-projection and X-
ray CT.

The detection of the position of the steel-penetration-protection can only be realized inductively
for small distances of the steel-soleplate to the bottom of the sole. Achievable accuracies of
photogrammetry via two thermal imaging cameras or terahertz scanners would have to be
investigated experimentally. The most promising approach, which can be realized not only for
small distances of the steel-soleplate to the bottom of the sole, is the use of X-ray CT.

When recording the inner geometry of the shoe, optical coordinate measuring technology only
allows non-shaded areas to be recorded. The situation is similar for tactile measurement methods,
since only individual, accessible, non-yielding points of the inner geometry can be detected. The
creation of a metallic surface on the insole, that can be detected by inductive-proximity-sensors,
requires even greater switching distances than the detection of an existing steel insert, and is
thus also only feasible for shoes with very flat soles. A flow of hot/cold air through the internal
cavity of the shoe and application of photogrammetry, using two thermal imaging cameras is
conceivable, but would have to be investigated experimentally. The most promising method for
recording the interior is therefore again X-ray CT. The detection of foreign-objects by means of
optical-coordinate-measuring-technology or tactile-measuring- methods only permits the
detection of the geometry of external foreign body-parts. It is therefore not possible to detect the
type of foreign body involved. The use of inductive-proximity-sensors to detect metallic-foreign-
bodies only works, if the foreign-bodies are large enough to cover the sensor face, which is usually
not the case. Terahertz scanners can detect metallic-foreign-bodies of any size. If foreign bodies

of any material are to be detected, X-ray CT is again the only alternative.

A possible procedure for separating a safety-shoe into sole and shaft could therefore look as

follows:
1. The shoe to be recycled runs along a conveyor-belt.

2. The shoe is 3D-scanned via X-ray CT. This provides the complete structure of the shoe

in the form of: outer geometry, inner geometry and position of the steel-insole (if present)

3. The 3D-scan of the X-ray CT is examined for the presence of foreign-bodies in the shoe.

In case of foreign bodies in the shoe, which are metallic, toxic, highly flammable, or
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significantly contaminating the material, the shoe is sorted out directly from the conveyor-

belt with the help of a pusher.

4. Via the X-ray CT 3D-scan, the position of the shoe of known geometry is known on the

conveyor- belt.

5. The shoe can therefore be picked up by a robot through the shaft opening (e.g. by means

of a feather key).

6. At the time, the shoe is picked up, its position on the conveyor belt is known. At the same
time, the position and orientation of the end effector of the robot arm is known currently.
The shoe and its entire geometry is therefore known in the coordinate system of the

robot-end-effector and retains its position therein due to the feather-key.

7. Now, the calculation of the cutting-plane can be done with respect to the end-effector

coordinate- system:

- If the shoe has a steel insert, its position within the geometry of the shoe is known
and can therefore be expressed in terms of the coordinate-system. The cutting-plane

is then located a few millimetres below the steel-penetration-protection.

« If the shoe does not have a steel-penetration-protection, the position of the insole is
expressed in relation to the coordinate-system of the end-effector. The cutting-plane

is then located a few millimetres below the insole.

8. If the position of the band saw (simplified as a line) in space is known, and the position
of the cutting-plane in the coordinate-system of the robot-end-effector is known, the robot
is now moved in such a way, that the band-saw-representing line always lies in the

calculated cutting-plane.

The aforementioned approach represents the most promising but requires very fast 3D-image-
processing.

The generation of a point-cloud, and execution of the surface-reconstruction for laser-line-
triangulation- scans presented in part 2 of the paper took half a minute at best. If one would now
like to implement additional 3D-image-processing-capabilities (e.g. detecting the location of steel-
penetration-protection, insole-location, and various foreign objects), one can imagine, that

recycling with high-throughput is rather unlikely. In addition, it should be noted that the cost of an
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X-ray CT device for industrial purposes is immensely high.

A significant reduction in costs and data-processing-effort could be achieved by implementing an
RFID- tag into the shoe. Accordingly, each shoe model would receive a unique identification
number that can be read via an RFID-transponder.

Linked to a database, various information, required for recycling, can be stored for the individual

shoe models:
o Shoe geometry
e Presence of a steel-insole and its position in the shoe
o Presence of a steel-toe-cap and its location in the shoe
e Materials of the individual shoe-components (e.g. sole made of PU...)

¢ Date of manufacture of the shoe (for statements on the aging of the material or benefit of

recycling).

The problem here is, that individual RFID-tags can only be accommodated in newly developed
shoes. The accommodation of the RFID-tags itself should not be a problem, since these can be

realized in ultra-thin form as flexible adhesive-strips nowadays.

The aim of the investigations in the second part was to realise a reference- object-based 3D-
acquisition of guided measurement-objects using a laser-profile-scanner. This includes the
acquisition of single profiles, the composition of the profiles to a point-cloud, the reconstruction of
the surface of the measured object from the generated point-cloud, as well as the transfer of the
reconstructed surface into a STL-file.

For the acquisition of the individual profiles, a software was written in C++, which allows a
continuous profile-acquisition with settable acquisition-frequency. The individual profiles are
stored in CSV-files.

For the composition of the individual profiles to a point-cloud, a generally valid relationship was
derived between the individual samples of a laser-profile-scanner of constant position and
orientation in space, and a guided measurement-object of time-variable position and orientation
in space. This relationship was validated by simulation.

The time-varying position and orientation of the measured object leads to six unknown quantities
(3x1 vector for the translation and the three Euler angles to describe the orientation).

By defining three parallel reference-curves in the object-coordinate-system, and guiding the target
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through the measuring-field-plane of the scanner in such a way, that reference-curves are always
orthogonal to the measuring-field-plane, the number of unknown quantities is reduced from six to
one.

The remaining unknown quantity is therefore the parameter of the mathematical description of

the reference-curves in space, and can be determined in two ways:

1. From the runtime: Calculating the curve-parameter from measured time of profile-

acquisition by moving the measuring-object with constant speed.

2. From coded reference-objects: Modelling a reference-object, which, arranged parallel to

the reference- curves, stores the curve-parameter in the captured profiles.

The runtime-based determination of the curve-parameter for generating point-clouds was
validated via simulation. Coded geometries were printed, using 3D-printers, and their capability
for generating point-clouds was practically validated.

The correct matching of individual profiles to the coordinate-system of the measurement-object,
requires a determination of the intersection-points of the reference-curves with the measurement-
field-plane of the scanner. The accuracy of the determination of the intersection points is essential
for coded reference objects. Here, it requires accuracies in the range of [0.1mm...1mm] for correct
reading of the curve parameter.

For a runtime-based determination of the curve-parameter, it is essential to maintain a constant
movement-speed and sampling-frequency. Since all measurement-series in this work were
performed by manual guidance, this statement is of theoretical nature.

Due to the required accuracy of the intersection-determination, the rate of correctly read profiles
for coded reference-objects could be brought to a maximum of 84 percent.

Incorrectly read profiles can immensely degrade the quality of the generated point-cloud. To avoid
this, methods for plausibility-checks of read codes have been demonstrated. Incorrectly read
profiles can thus be detected and filtered out. Although this leads to gaps in the point-cloud, it
prevents the occurrence of misalignment of false-read profiles.

It is rather difficult to give a statement, regarding the accuracy of generated point-clouds. A bad
point-cloud-result is usually due to systematic measurement-errors (e.g..: misalignment of setup,
inaccurate reference point determination, operation of the scanner in non-calibrated
measurement field, 3D printing tolerances...). The problem here is, that these can lead to the
misalignment of an entire profile (for the scanner, used in this work with up to 1024 samples).

Statistical errors (noise and outliers) usually only have an effect on the accuracy of individual
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points.
Excluding gross systematic errors, and the occurrence of outliers, the deviation of individual points
can be estimated from the reference-point deviation €, the reference point-spacing r, the

measurement- field-width at the end of measuring-range xMBE, and the linearity error fl (noise):
€
Afz;-XMBE + fl

It can be seen from this, that the deviations become smaller, the more precisely the reference
points were determined and the further apart they are. Since the reference points in the present
work could be determined with an accuracy of up to 0.1mm, the measurement field width at the
end of measuring range is about 140mm, and the distance of the reference-points to each other
is 10mm for most reference-objects, the point-clouds, presented in this work have an inaccuracy

at a linearity of 0.2mm of about:

_ 0,1mm

Af -140mm + 0,2mm = 1,6mm

"~ 10mm

In the last part of the work, procedures were shown to convert the point clouds into a storable
STL-file. For this purpose, algorithms for surface reconstruction were investigated.

Individual problems of surface reconstruction were shown separately, and algorithms for
improving the quality of the point cloud were presented, using practical examples.

Thus, by appropriate post-processing of the point clouds, satisfactory reconstruction results could
be obtained on acquired point clouds.

The presented method of a reference-object based 3D acquisition makes it possible to generate
3D models of objects without using additional hardware to detect the position and orientation of
the measuring-object. The result of the present work is therefore a software in Python, which
processes profiles stored in CSV-files to an STL-file.

However, the three-page-guide for preventing systematic-errors makes clear, that a lot of effort is
required to achieve satisfactory results. Correctly storing the measurement-setup in the program

and determining the reference-points to an accuracy of tenth of a millimetre can take hours.
To follow up on the topic, the following points are interesting:

e Realization of a fixture for holding reference-objects at the end-effector of a robot
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¢ Simulative investigation of suitable reference-curves to avoid shadowing-related gaps in
point clouds as far as possible - How many reference-curves are needed?
¢ Investigation of further reference-object geometries (e.g. oval)

¢ Practical follow-up of the approach to determine the curve parameter via runtime encoding

and therefore, teach-in of a robot for movement with constant speed
e Purchase of a scanner with modern interfaces, trigger function, and larger measuring field

¢ Runtime optimization of the automated reference point search [2]
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3.4 Work Package 4

Materials used for shoe soles construction and their impact on

recycling and reusing possibility

For recycling of the shoe the metal parts (stiffeners, laces, eyelets) (Figure 20) must be removed

before grinding the sole in the grinding machine (Figure 21).

Zerkleinerte Naturkautschuk-Sohlen Entfernte Metallteile

Figure 20: left: Shredded natural rubber soles, right: Removed metal parts
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Figure 21: Grinding machine - Strong Crusher ML-SC, Ming Lee Industrial, Hongkong

The grinded soles and uppers, separated at kind of material, were used as an additive in several

technical applications.

Flat plastic plates

At EMABO Ltd, W Slotata, Sepno, waste from textile and leather uppers, polyurethane and
thermoplastic rubber soles was used as a filling for construction boards for elements of garden
benches, fencing boards and underlay mats for barns and cows. The boards were obtained by
pressing, in heated molds with a thickness of 20-50 mm. Polypropylene or polyethylene was used
as the binding polymer. The production technology assumed initial filling of the mold with binding
material, of a 0.5 - 2.0 cm thick layer of waste (fraction 0.5 - 3.0 mm) and introduction of an
external layers of connecting material. The addition of waste was 5 - 15% in relation to the weight
of the material. Then the mold was closed under a heated press and a plate was formed. Forming
was carried out at a temperature of 120 - 180 degrees C, with a mold pressure of 1.2 - 2.4 atm.
in 10-18 minutes The obtained boards were assessed as suitable and visually satisfactory, with
the appropriate proportions of waste and new material. Satisfactory results were obtained using
both LD polyethylene and polypropylene as a connecting agent. The surface was smooth, with
no traces of waste. The strength of the manufactured boards was not assessed. The intended
use for fencing elements and base boards for cattle does not require significant strength

parameters.

The results are shown in the photos below (Figure 22 to Figure 25).
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Figure 22: Plastic plate with 5% of grinding TR sole material.

Figure 23: Plastic plate with 10% of grinding TR sole material.

Figure 24: Cross-section of the sample with 5% grinding TR soles material.
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Figure 25: Cross-section of the sample with 5% grinding uppers, leather and textile material

Rubber technical elements

Ground waste leather tops, with a small content of textile lining elements, were used as a filler for
rubber products. The trials were carried out at SPOIWO in Radom. The rubber mixture was made
on a calendar, in 8 -12 minutes, from natural rubber with the addition of nitrile rubber, carbon
black and silica filler. Ground top waste with a granulation of 0.1- 2.0 mm was introduced into

such a standard mixture. The mixture was vulcanized in moulds for 5- 8 minutes at 150°C.

Examples of the samples obtained are shown in the Figure 26.

Figure 26: Sample left, black thin, 50% addition of ground waste shafts, right Black sample, 25%
addition of waste from shoe upper.



Page 48 of 112 ReProcessShoe Cornet 01IF00353C

The percentage addition of grinding waste is given in the proportion to fillers (Figure 27 to Figure
29).

[—

Figure 27: Addition of 50% of waste from shoe upper.

Figure 28: Examples of filled rubber products with a content of 25-50% of waste from shoe upper.

Figure 29: Sample gray, smooth and porous, addition of 25% of waste from shoe upper.
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Samples showed that wastes are well mixed in the rubber matrix and the surface was “corrected”
so that it was smooth. All samples are made of natural rubber. Our waste is “embedded” in this
rubber. This means that a rubber mixture is produced for vulcanization, our waste is added to the
mixture during production and the whole mixture is vulcanized in the press. The amount and type

of cross-linking agent is not changed. The vulcanized samples are rated as good (Figure 30).

Scha ft ‘ PlL5/ PPR v [ TF

Figure 30: Test specimens with added recycled materials

Shoe production

In accordance with the assumption of point WP4 of the project, batches of trial shoes (Figure 37)

were made using material from grinded soles.

Figure 31: Footwear made with the addition of ground waste.
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Shoes were made with textile upper and PVC sole, made by direct injection molding.

The trials were made by two shoe producers:

REN-BUT, Ztotoryja and MARGARET, Staszéw. The carousel injection molding machine was
Desma 781 (REN-BUT) Figure 32 and UNION (STASZOW) Figure 33.

Figure 32: Injecton moulding machine DESMA 781

Figure 33: Injecton moulding machine UNION
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The material for the soles was pre-prepared in a separate container by mixing it with an

appropriate amount of ground sole waste.

Ready-made footwear and separately soles were made, not connected to the upper. Soles not
connected to the upper were obtained by wrapping the upper in foil, which prevented the PVC

from bonding with the upper material during injection (Figure 34).

Figure 34: Upper material during injection

The footwear molding cycle included the following steps:

1. placing the textile upper on the metal last of the injection molding machine with the hoof

arm raised upward
2. rotation of the arm with the hoof downward and closing of the mold
3. injection of plastic
4. opening the mold and rotating the arm with the hoof upward

5. solidification of the molded sole, cooling and removal of the molded shoe.

The molding process was 12- 15 min, with temperature from 163 to 170 Celsius degrees.
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The following were prepared:

1.

2.

Sole without grinding waste

Sole with 5% PVC grinding waste
Sole with 10% PVC grinding waste
Sole with 15% PVC grinding waste
Sole with 5% TR grinding waste
Sole with 10% TR grinding waste

Sole with 15% TR grinding waste

Cornet 01IF00353C

With the waste proportions used, no difficulties in forming were found. There were no difficulties

with the flow of the material and proper filling of the mold. There was no need to change the

injection parameters.

Visually, the footwear (Figure 35) was assessed as correct, without any leaks, blisters or other

injection defects. The connection of the molded bottom to the upper was assessed as correct,

with no gaps.

Figure 35: Children's shoe soles with added recycled material and children's shoes made with it.
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Physical tests

Physical tests were carried out to test the materials for suitability for footwear.

The new materials in the form of plates and soles were tested using a standard method that is
used to determine the quality of shoe soles. Abrasion resistance, bending behaviour, Tear
strength and Adhesion of outsole were determined. The suitability for use was examined using
physical tests. To confirm the procedure, the tests were determined in accordance with DIN EN
12770:2000_03 / DIN 1SO 4649:2021-06 (Abrasion resistance), DIN ISO 34-1:2016-09/DIN EN
12771:2000-03 (Tear strength), DIN EN ISO 17707:2005-10 (Bending behavior), DIN EN ISO
17708:2018-10 (Adhesion of outsole).

The test device for abrasion resistance consists of a laterally movable test piece holder and a
rotatable cylinder to which the emery cloth is attached. The test specimens are punched out and
weighed accurately to 1 mg. The test piece is fixed in the holder of the testing machine and the

cylinder with the emery cloth is set in motion. The test piece is weighed again, and the density is

determined (Figure 36 / Figure 37).

Figure 36: Preparation (punching out) of the samples and weighing for Abrasion resistance

examination.
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Figure 37: The Abrasion resistance examination.

The tear propagation force is applied using a tensile testing machine (Figure 38), which operates
without interruption at a constant crosshead speed until the test specimen tears off. For this
purpose, DIN-compliant test specimens are punched out, the sole material is fixed at the top with
a clamping rod and the end is held in place with a clamp. By pulling the clamp at a right angle,

the material is pulled, and the required forces are absorbed.

Figure 38: Samples for the Tear strength.
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Sole adhesion is also tested using a tensile testing machine (Figure 39). During the test, the upper
of the shoe is fixed at the top with a clamping rod and the sole of the shoe is held in place at the
toe with a clamp. By gradually pulling off the clamp at right angles, the sole is torn away from the

upper material and the required forces are absorbed.

mm

lev|'|||n‘(f“‘».;\t.om'ny;\‘mm

o - -
< P 2
T \ I
UL A AN YA

Figure 39: Samples for the Adhesion of outsole

When testing the bending behavior (Figure 40), the number of bends that can lead to further
tearing of the cut and/or cracks in the outsoles is determined. The sole is prepared by defining

the bending line, cutting it and attaching it to the metal swivel plate.

Figure 40: Samples for the Bending behaviour.
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The results of the physical tests are shown in the following test reports

Priifprotokoll
Auftrags-Nr. : 2500672-01-00-01
Prifnorm : DIN ISO 34-1 WeiterreiB
Art und Bezeichnung : PU 5% schwarz
Werkstoff : PU
Priifer . mb
Priifergebnisse:
Verfahren| ao |med(Maxima) nr(Makima) WeiterreiBwidérstand
Legende| Nr mm N kN/m
rg¥ 1 B 2,564 31,87 4 12,43
e 2 B 12493 32,11 3 12,88
e 3 A [2388] 3528 5 14,77
Seriengrafik:
40 ‘ . *
5 ) L S L S S A | R
30 ‘ < |
0 . |
z /
< 20 | |
5
g |
0t |
g , i |
0 20 40 60 80 100 120 140
Weg in mm
Statistik:
Serie | R(Maxima) max(Maxima);min(Maxima) ao | med(Maxima)|n(Maxima)
n=3 N N | N mm N
X 10,00 38,60 28,60 2,481 33,09 4
s 3,63 227 | 1,83 0,088 1,90 1
V(%] 3629 S,§7 6,41 7_»?3,756 ?,_74 25,00

Figure 41: Test protocol Tear strength
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Priifprotokoll
Auftrags-Nr. : 2500672-02-00-01
Prifnorm © DIN IS0 34-1 WeiterreiB
Art und Bezeichnung : PPR 5% schwarz
Werkstoff
Prifer : mb
Priifergebnisse:
Verfahren| ao | med(Maxima)|n(Maxima)|WeiterreiBwiderstand
Legende| Nr mm| N kN/m
gt 1 A 2270 30,35 2 13,37
i 2 A 2434 41,14 g 16,90
lyd 3 A (2411 4324 2 17,94
Seriengrafik:
40 | R s _ T |_ o
30 . e’ v |
=
=
E 20
}: -
10 .
0 ! | i e
0 20 40 G0 80 100 120
Weg in mm
Statistik:
Serie | R(Maxima) | max(Maxima) | min(Maxima)| ao med{Ma;i-H’i;a] n{Maxima)
n=3 N M N mm N | .
X 847 | 42 48 24,0 2,371 38,24 )
5 3,61 8,61 5,28 0,089 6,91 0
W [Ya) 42,59 20,27 15,53 3,74 | 18,07 il 'DED -

Figure 42: Test protocol Tear strength
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Priifprotokoll
Auftrags-Nr. . 2500672-03-00-01
Prifnorm : DIN ISO 34-1 Weiterrei3
Art und Bezeichnung : TPR schwarz
Werkstoff : TPR
Prifer : mb
Priifergebnisse:
\.-'erféhren an medl{Maiima} n(Maxima) Weiferreiﬂwiderstand
Legende| Nr mm N kN/m
i 1 B 2,462 37,64 5 15,29
2 B 2,510 34,11 5 13,59
3 B [2506| 3854 5 1538
Seriengrafik:
il f==-——mmmmm Y T et — , S
| | | » v —I_ —|_
30 | | b / |
;1 f' a4 4 | o
= -~ J .//' |
£ 20 ] '8
< | |
10 Fa i
.-'/
'd .
0 - | |
0 50 100 150
Weg in mm
Statistik:
Serie | R(Maxima)| max(Maxima)|min(Maxima)| a0 | med(Maxima)|n(Maxima)|
n=3 N N N mm N
X 20,56 48,87 28,32 | 2,493 36,76 5
s 7.88 7,39 1,00 | 0,027 2.34 0
V%[ 3834 15,13 354 1,08 6,36 000 |

Figure 43: Test protocol Tear strength
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Priifprotokoll
Auftrags-Nr. : 2500672-04-00-01
Prifnorm : DIN ISO 34-1 WeiterreiB
Art und Bezeichnung : Schaft schwarz
Werkstoff
Prifer . mb
Priifergebnisse:
\erfahren auw med({Maxima)| n{Maxima) | WeiterreiBwiderstand
Legende| Nr mm N kMN/m
Pt 1 A 2,385 31,62 4 13,26
g 2 A |2468] 63,05 1 25,54
@® | 3 | A |2459] 3939 2 16,02
Seriengrafik:
: .
40 |_ ________ . /..: - ._.|_ sssrpesdecercos
N |
Z ¥
€20 | |
=
g | |
10 | ; |
|"/
= ¥ , | i
0 20 40 60 80 100 120
Weg in mm
Statistik:
Serie !R{Maxima} max(Maxima) | min{Maxima) "E.iﬂ. med{Maxima) | n(Maxima)
n=3 N N mm] N
X 50,72 40,09 2,437 4469 2
5 11,00 21,53 0,046 16,37 2
vV [%] 21,69 53,72 1,88 3664 | 6547 |

Figure 44: Test protocol Tear strength
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A‘uftragsnr. 25 00672

Eingang:  2025-01-29

25 00672 01 01 Materiaimuster - PU 5% ,

ReProcessShoe
Bereich: 00
Termin:

schwarz

25 00672 02 01 Materialmuster - PPR 5% , schwarz

25 00672 03 01 Materialmuster - TPR, schwarz

25 00672 04 01 Materialmuster - Schaft, schwarz

Cornet 01IF00353C

Auftraggeber: Priif- und Forschung

Figure 45: Abrasion resistance and Tear strength (total results averaged)

Priifmethode Parameter Einheit Ergebnis
01|01 |Abrieb DIN EN12770/DIN 1SO4649 | Belastung N 20
01|01 |Abrieb DIN EN12770/DIN 1SO4649 | Weg m 0
01|01 |Abrieb DIN EN12770/DIN ISO4649 [ Dichte glem? A, 77
01 |01 [Abrieb DIN EN12770/DIN ISO4649  |Volumenminderung | mm? 733, 6 L7 _
01|01 [Abrieb DIN EN12770/DIN 1SO4649 | Masseminderung mg S5 F, IS5 /{/J
01|01 | WeiterreiR DIN 1SO 34-1/DIN EN 1277{WeiterreiRwiderstand | N/mm 45,36 b
Priifmethode Parameter Einheit Ergebnis
0. J1 |Abrieb DIN EN12770/DIN 1SO4649 | Belastung N A0
02 |01 |Abrieb DIN EN12770/DIN 1SO4649  |Weg m <0
02 |01 |Abrieb DIN EN12770/DIN 1SO4649 | Dichte glem? A, A 7Y
02 |01 | Abrieb DIN EN12770/DIN ISO4649 | Volumenminderung mm® _/q/j LO7 )
02 |01 | Abrieb DIN EN12770/DIN ISO4649 | Masseminderung mg A 73; TL£F ///;
02 [01 |Weiterrei DIN ISO 34-1/DIN EN 12771 Weiterreiwiderstand | N/mm /{éI() ? ;Mb
Priifmethode Parameter Einheit Ergebnis
03 {01 |Abrieb DIN EN12770/DIN ISO4649  |Belastung N 77
03 {01 |Abrieb DIN EN12770/DIN ISO4649  [Weg m <0
03 |01 | Abrieb DIN EN12770/DIN ISO4649 | Dichte glom?® A 7. 7Y
03 {01 [Abrieb DIN EN12770/DIN ISO4649  |Volumenminderung | mm® 243G, & F£.C )
03 [01 |Abrieb DIN EN12770/DIN ISO4649 | Masseminderung mg 759 094 //o’
03 |01 [Weiterreit DIN ISO 34-1/DIN EN 12771 WeiterreiBwiderstand | N/mm ﬂ L/' 7- S /”Lé
Priifmethode Parameter Einheit Ergebnis
[0 )1 |Abrieb DIN EN12770/DIN 1S04649 | Belastung N A0
04 |01 | Abrieb DIN EN12770/DIN 1SO4649 | Weg m 0
04 [01 |Abrieb DIN EN#2770/DIN 1SO4649 | Dichte glem? A, A 7Y
04 |01 [Abrieb DIN EN12770/DIN ISO4649 | Volumenminderung [ mm? ALY, 7.5 ,
04 |01 | Abrieb DIN EN12770/DIN ISO4649 | Masseminderung mg 24 £, 799 ///[
04 |01 |Weiterreif DIN ISO 34-1/DIN EN 12771 WeiterreiRwiderstand | N/mm NE 2F n
7
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Priifprotokoll

Auftrags-Nr. : 2500672-05-00-01
Priifnorm : DIN EN ISO 17708

Art und Bezeichnung : Laufsohle und Schuh rechts
Werkstoff : PU 15% lila/schwarz
Prifer : mb

Bemerkung

Priifergebnisse:

bo | Fmit [Maxima| Tr-Sh
Legende| Nr | mm | N N |N/mm
te? 1 12 |12,12| 120 | 1,01
54 2 | 11 [1418] 136 | 1,29

T /|
— |' lI
20 + WA
o # AR
T 1 ‘.}_"}' |, W/ |l
Z 15 ] IR L. A, \ ".,~ Jf
= .,’fq\'-‘, A._.\A-: ,, Y
0=y wl W/
© AN .
AV {
BT |
0 T + { r ¥ T 1 ' + T ] % T T L = ey
0 50 100 150

Weg in mm

Figure 46: Test protocol Adhesion of outsole
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ReProcessShoe

Priifprotokoll
Auftrags-Nr. : 2500672-06-00-01 Werkstoff
Prifnorm : DIN EN I1SO 17708 Prifer
Art und Bezeichnung : Schuh rechts Bemerkung
Priifergebnisse:
| bo | Fmit |Maxima| Tr-Sh
Legende| Nr | mm | N N N/mm
gh 1 8 |16,14| 158 | 2,02
¢ 2 | 12 |1839] 178 | 1,53
25
20 7 N e
= T3 AP
= '
€10/
e T/
5 1
0o ¥ . —t——
0 50 100
Weg in mm
Statistil:
Serie| bo Fmit |Maxima| Tr-Sh
n=2| mm | N | N IN/mm
X i‘lﬁ 17,26 168 177
(3 2,828 1,59| 146 | 034
v{%]lz{iza 922| 871 |1931

Figure 47: Test protocol Adhesion of outsole

Cornet 01IF00353C

© PU 10% lila/schwarz
: mb

.......

——
150

mb
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Priifprotokoll

Auftrags-Nr. . 2500672-07-00-01
Prifnorm : DIN EN ISO 17708

Art und Bezeichnung : Schuh rechts

Werkstoff . EVA 10% hell lila/schwarz
Priifer : mb

Bemerkung

Priifergebnisse:

bo | Fmt |Maxima| Tr-Sh

Legende| Nr | mm | N N |[N/mm
o 1 14 [16,05| 159 1,15
g 2 | 11 | 964 914 | 088

= o
wn o

Kraft in N
>

Cornet 01IF00353C

Weg in mm

Figure 48: Test protocol Adhesion of outsole

i
150
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Priifprotokoll
Auftrags-Nr. ¢ 2500672-08-00-01 Werkstoff
Priifnorm : DIN EN I1SO 17708 Priifer
Art und Bezeichnung :  Schuh links Bemerkung
Priifergebnisse:
, bo | Fmit [Maxima| Tr-Sh
Legende, Nr | mm | N N [N/mm
W1 [ M5(1312) 133 | 114
@ [ 2 [125]1513] 148 | 121
20 1
157 . ,
= N . v { e
& 104 -
o
5
0 + t f f I
0 50
Weg in mm
Statistilc
Serie| bo Fmit |Maxima| Tr-Sh
n=2 mm N N N/mm
¥ |12 14,13 14,1 1,18
s | 07071 1,42 105 | 0,05
Vi%]| 589 |[1005| 749 | 417 |

Figure 49: Test protocol Adhesion of outsole

Cornet 01IF00353C

- TPR 10% lila/schwarz
© mb

b
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Priifprotokoll

Auftrags-Nr. : 2500672-09-00-01
Prifnarm : DIN EN ISO 17708

Art und Bezeichnung :  Schuh links

Werkstoff : TPR 15% mittel lila/schwarz
Prifer : mb

Bemerkung

Priifergebnisse:

bo | Fmit |Maxima| Tr-Sh
Legende, Nr | mm | N N |N/mm
g 1 | 12 | 9,83| 897 | 082
e 2 9 14,94 107 | 1,66

40 | |
30 1
- I : )
S 20 T A
m
~ ]
10 P L el
0 B — } } et } ' | I S S - | S S S —
0 50 100 150

Weg in mm

Figure 50: Test protocol Adhesion of outsole
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Auftragsnr. 25 00672

Eingang: 2025-01-29

25 00672 05 01
25 00672 06 01
25 00672 07 01
25 00672 08 01
25 00672 09 01

ReProcessShoe
Bereich: 00
Termin:

Laufsohle & Schuh rechts, PU 15% lila/schwarz
Laufsohle & Schuh rechis, PU 10% lila/schwarz
Laufsohle & Schuh rechts, EVA 10% , hell lilafschwarz
Laufsohle & Schuh links, TPR 10% lila/schwarz
Laufsohle & Schuh links, TPR 15%, mittal lila/schwarz

Cornet 011F00353C

Auftraggeber:  Priif- und Forschung

Priiffmethode Parameter Einheit Ergebnis

05 |01 |Biegeverh, DIN EN ISO 17707 | Winkel rechts C o

05 |01 |Biegeverh, DIN EN ISO 17707  |Anlieferung 30000x rechts | mm Risswachstum A

05 |01 |Biegeverh. DIN EN 1ISO 17707 | Winkel links . [}7]

05 |01 |Biegeverh. DIN EN ISO 17707  |Anlieferung 30000x links | mm Risswachstum 12

05 |01 |Sohlenhaftung DIN EN ISO 17708|rechts N/imm / A 5 /1
Prifmethode Parameter Einheit Ergebnis

—6L .1 |Biegeverh. DIN EN ISO 17707 Winkel rechts N S

06 |01 |Biegeverh. DIN EN ISO 17707 Anlieferung 30000x rechts | mm Risswachstum /

06 |01 |Biegeverh. DIN EN ISO 17707 | Winkel links . Go

06 |01 |Biegeverh. DIN EN ISC 17707 Anlieferung 30000x links mm Risswachstum O

06 |01 |Sohlenhaftung DIN EN ISO 17708 rechts Nfmm N2rE A,
Prifmethode Parameter Einheit Ergebnis

07 |01 |Blegeverh. DIN EN ISO 17707 | Winkel rechts . a0

07 |01 | Biegeverh. DIN EN ISO 17707 Anlieferung 30000x rechls | mm Risswachstum 0

07 [01 | Blegeverh, DIN EN ISO 17707 | Winkel links » i

07 |01 |Biegeverh, DIN EN I1SO 17707 Anlieferung 30000x links mm Risswachstum >l

07 |01 [Sohienhaftung DIN EN ISO 17708 links N/mm A0 4.
Priifmethode Parameter Einheit Ergebnis

08 |01 |Biegeverh. DIN EN ISO 17707 Winkel rechts » 59

08 101 |Biegeverh, DIN EN ISO 17707 | Anlieferung 30000x rechts | mm Risswachstum O

0.1 |Biegeverh. DIN EN IS0 17707 | Winkel links . 4

08 |01 [Biegeverh. DIN EN ISO 17707 | Anlieferung 30000x links | mm Risswachstum 7

08 {01 | Sohienhaftung DIN EN ISO 17708{links N/mm AAY fi
Priifmethode Parameter Einheit Ergebnis

09 (01 |Biegeverh. DIN EN ISO 17707 Winkel rechits i S

09 (01 |Blegeverh. DIN EN ISO 17707 | Anlieferung 30000x rechts | mm Risswachstum /

09 |01 | Biegeverh, DIN EN ISO 17707 [Winkel links e 90

09 |01 | Biegeverh, DIN EN ISO 17707  [Anlieferung 30000x links | mm Risswachstum O

09 (01 |Sohlenhaftung DIN EN ISO 17708 links Nimm AN A

Figure 51: Bending behaviour and Adhesion of outsole (total results averaged)
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Germany
Expertise: 2500672-01/09-00-01 Datum / Date: 2025-03-06
Frau Vijselaar

Client: Prif- und Forschungsinstitut Pirmasens e V., Marie-Curie-Str. 19, DE-66953 Pirmasens

Order:
Order
Received 2025-01-29
Test Period until  ##500

Test item as received:

25 00672 01 Material sample PU 5%, black

25 00672 02 Material sample PPR 5% black

25 00672 03 Material sample TPR, black

25 00672 04 Material sample shoe upper, black

25 00672 05 Outsole & shoe right, PU 15% purple/black

25 00672 06 Outsole & shoe right, PU 10% purple/black

25 00672 07 Outsole & shoe right, EVA 10% light purple/black

25 00672 08 Outsole & shoe left, TPR 10% purple/black

25 00672 09 Outsole & shoe left, TPR 15%, medium purple/black

Results of examination:

2500872-01-00-01 Material sample - PU 5%, black

Abrasion resistance
DIM EN 12770:2000-03 / DIN 1SO 4649:2021-06

Parameter Unit Result
load N 10
distance m 40
density g'cm? 1.18
volume loss mm? 134
mass loss mg 157

Tear strength
DIN IS0 34-1:2016-09 / DIN EN 12771:2000-03

Parameter Unit Result
tear resistance Mimm 1336
Dz Prifargednisse bazichen sich ausschiledlich auf g Prifgegenstande. Chne Iche Genenmigung des PFI darf die Expertise nichi auszugswelss varwendet werden. Bewering erfolgt chne
oamesa.rmmmRsumumwemummmmenmmmmmamummmmp@gw Prifanoraionen
KENNEN 3LF UNSETEY Intemetsaia Werden Lnd warcien Tinen A Arfags geme

SR | 7o PSS Sl 1 53 1o Rer (5. EXToLs of e EXpEvTSe My it . et oA

Zugesandt | T resUNs solely refer i the fems fesed, of ifie experlise may ol be LGed WINOLE Wiiten permission by PF. Ratng coes nof consider the LNGarTaindy of Measirement.
‘matarials wil be destoyed afler 10 weeks. In ahioual cases, 185t can be camed out by QUATed subconfracting Iaboratories. A I of aceredied fest melfiods and our aopilying genara

mmma@mmwmmmmmm}mmm

Prif- und Forsehungsinstitut Pirmasens e V. - Marie-Curie-Strasse 192 - D-68053 Pirmasens - www pfi-germany.de - infof@pfi-germany.de
Seite / page 1 von { of 5

PFLFE-PROT-05 20041

Figure 52: Results of the physical tests (Tear strength, Abrasion resistance)

Cornet 01IF00353C
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Cornet 01IF00353C

Datum / Date: 2025-03-0¢
Frau Vijselaar

2500672-02-00-01

Abrasion resistance

Material sample - PPR 5%, black

DIN EN 12770:2000-03 / DIN 1SO 4649:2021-06

Parameter Unit Result
load N 10
distance m 40
density alcm? 117
volume loss mm* 148
mass loss mg 174
Tear strength
DIN 150 34-1:2016-09/ DIN EN 12771:2000-03

Parameter Unit Result
tear resistance Nimm 16.07
2500672-03-00-01 Material sample - TPR, black
Abrasion resistance
DIN EN 12770:2000-03 / DIN 150 45649:2021-06

Parameter Unit Result
load N 10
distance m 40
density alcm® 1.14
volume loss mm* 140
mass loss mg 189
Tear strength
DIN 1S0 34-1:2016-09/ DIN EN 12771:2000-03

Parameter Unit Result
tear resistance Nimm 1475

Figure 53: Results of the physical tests (Tear strength, Abrasion resistance)
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Expertise:

2500672-01/09-00-01

Cornet 01IF00353C

Datum / Date: 2025-03-(

Frau Vijselaar

2500672-04-00-01

Abrasion resistance

Material sample - shoe upper, black

DIN EN 12770:2000-03 / DIN ISO 4649:2021-06

Parameter Unit Result
load N 10
distance m 40
density alem? 1.18
volume loss mn* 185
mass loss mg 218
Tear strength
DIN IS0 34-1:2016-09 / DIN EN 12771:2000-03

Parameter Unit Result
tear resistance N/mm 1827

2500672-05-00-01
Bending behaviour

Outsole & shoe right, PU 15% purple/black

DIN EN ISO 17707:2005-10

Parameter Unit Result
angle left a0
delivered state 30000x left mm crack growth 0
Adhesion of outsole (separation resistance)
DIN EN ISO 17708:2018-10

Parameter Unit Result
right N/mm 115 A

2500672-06-00-01

Bending behaviour
DIN EN ISO 17707:2005-

Outsole & shoe right, PU 10% purple/black

10

Parameter

Unit

Result

angle left

80

delivered state 30000x left

mm crack growth

Figure 54: Results of the physical tests (Adhesion of outsole, Bending behaviour, Tear strength,

Abrasion resistance)
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Expertise: 2500672-01/09-00-01 Datum / Date: 2025-03-06

Frau Vijselaar

Adhesion of outsole {separation resistance)

DIN EN ISO 17708:2018-10

Parameter

Unit

Result

right

N/mm

177 A

2500672-07-00-01

Bending behaviour
DIN EN ISO 17707:2005-10

Outsole & shoe right, EVA 10%, light purple/black

Parameter Unit Result
angle right ° a0
delivered state 30000x right mm crack growth 0
Adhesion of outsole (separation resistance)

DIN EN IS0 17708:2018-10

Parameter Unit Result

left Nimm 101A

2500672-08-00-01

Bending behaviour
DIN EN ISO 17707:2005-10

Outsole & shoe left, TPR 10% purple/black

Parameter Unit Result
angle right a0
delivered state 30000x right mm crack growth 0
Adhesion of outsole (separation resistance)

DIN EN ISO 17708:2018-10

Parameter Unit Result

left M/mm 1.18 A

Figure 55: Results of the physical tests (Adhesion of outsole, Bending behaviour)
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P L

Germany
Expertise: 2500672-01/09-00-01 Datum / Date: 2025-03-06
Frau Vijselaar
2500672-09-00-01 Outsole & shoe left, TPR 15%, medium purple/black

Bending behaviour
DIN EN 150 17707:2005-10

Parameter Unit Result
angle left ® 90
delivered state 30000x left mm crack growth 0

Adhesion of outsole (separation resistance)
DIN EN ISO 17708:2018-10

Parameter Unit Result

left N/mm 124 A

|
|
/

Die Expertise ist ohne Unterschrift gliltig. / The expertise is valid without a signature.

Autorisierung durch / Authorization by: [ 5
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Figure 56: Results of the physical tests (Adhesion of outsole, Bending behaviour)

Comparison tables (Table 3 to Table 6) were created for each parameter, where the differences

are immediately apparent.

The following requirement values are generally used in the industry for the tests carried out:
Abrasion resistance: < 250 mm?

Tear strength: = 7.0 N/mm

Bending behavior: < 6 mm & no further crack formation/ no additional crack formation

Adhesion of outsole: 2 3.0 N/mm
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Table 3: Abrasion resistance
Parameter Unit Sample 01 Sample 02 | Sample 03 | Sample 04
PU 5% PPR 5% TPR Upper
Density glcm®* [ 1,18 1,17 1,14 1,18
Volume loss mm3 134 148 140 185
Mass loss mg 157 174 159 218

Since the lower the volume reduction, the ‘better’ the material, and all values are in the

requirement value of <250mm?3.

Table 4: Tear strength

Parameter Unit Sample 01 Sample 02 | Sample 03 | Sample 04
PU 5% PPR 5% TPR Upper
Tear resistance N/mm | 13,36 16,07 14,75 18,27

The higher the tear strength- parameter, the ‘better’ the material, and all values are in the

requirement value of 27N/mm.

Table 5: Bending behavior

Parameter Unit Sample 05 | Sample 06 | Sample 07 | Sample 08 [Sample 09
PU 15% PU 10% EVA 10% TPR 10% TPR 15%
Angle left ° 90 90 90 90 90
. mm
Delivered state
3000x left crack | 0 0 0 0 0
growth

Since the lower the bending behavior- parameter, the ‘better’ the material is, and all values are in

the requirement value of <6mm.
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Table 6: Adhesion of outsole (separation resistance)

Parameter Unit Sample 01 Sample 02 | Sample 03 | Sample 04 [Sample 09
PU 15% PU 10% EVA 10% TPR 10% TPR 15%
1,15 1,77 1,01 1,18 1,24

right/left N/mm | Adhesion Adhesion Adhesion Adhesion Adhesion
defect defect defect defect defect

The higher the sole adhesion of outsole- parameter, the ‘better’ the material, but all values are

not directly in the requirement value of 23N/mm.

The sole material is very suitable for making shoes. In our case, the connection between the soles
and the upper (Adhesion of outsole) was not sufficient, but this was due to the upper material. In
practice, this is often the case with children's sandals.

The adhesion parameters did not decrease after using sole materials with crushed recycled soles.
This can be remedied by adapting the production method, for example by pretreatment of upper

materials, using of other upper materials, roughening the upper or by gluing the sole to the upper.

M4.1: The parameters of preparing the used polymer for recycling will be settled.

The parameters was settled for used recycling polymers for shoe production. It is up 5% recycled
PVC, TPR or EVA as an additive for PVC or TPR and using this mixture for direct injection
moulding. The temperature, pressure and the moulding time are the same and do not require any
changes in the production.

The parameters were settled for technical products, with lower strength requirements. In this case
the amount of recycled polymeric sole and scraps from leather and uppers, also mixed with textile
materials can be up to 20%. The technical products can be done from thermoplastic polymers or

vulcanized rubber

M4.2: The optimization of recycling and reusing polymers will be done.

The optimization of recycling and reusing polymers was done during technical tests of moulding.
There was found, that it is possible to mill (grind) soles and uppers of reused shoe, and after that
using them in specified amount as an additive for technical products and also an additive to the

materials for sole production.
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3.5 Work Package 5

Development of methods for utilization and recycling of upper

material of the shoes on lab-scale

The aim of the task was to carry out research work to develop a method for the disposal and
recycling of solid waste in the form of ground shoe tops generated during the dismantling of used
footwear. In the first stage of this task, representative waste samples in the form of ground-up
shoe uppers (mixture of leather and textiles shown in Figure 57) were characterised in terms of

moisture content, dry mass and ash content, heat of combustion and elemental composition.

(@) (b)

TM3000_3377

Figure 57: Images of test samples taken with an optical microscope (a) and a scanning electron

microscope (b)

Moisture and dry matter content were determined, according to PN-EN ISO 18134-2:2017-03,
using the weight method by drying the sample at 105°C. The ash content was determined,
according to PN-ISO 1171, by weight method by roasting the sample at 815°C. A laboratory dryer,
muffle furnace and analytical balance were used for these determinations. The heat of combustion
was determined using a calorimeter, in accordance with 1ISO 18125:2017. The elemental
composition was determined using a scanning electron microscope equipped with an EDS-type
X-ray microanalyser. The results of the realised tests are summarised in Table 7 and Table 8.

The ground top samples were dry and free of visible impurities. They were characterised by low
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ash content and high heat of combustion, which translates into a high calorific value of the
material. The material is mainly composed of carbon, oxygen and calcium. The averaged values
of the elemental composition of the material are summarised in Table 8. However, spot analysis
showed that the percentage of individual elements is highly variable - 21-80% C, 13-34% O, 1-
30% Ca. This variability is due to the high heterogeneity of the tested material (different material
fractions visible). In addition, the studied material contains relatively small amounts of S and ClI,
which may be beneficial for its use as a raw material in the thermochemical conversion process

and the use of the produced carbonates as sorption materials.

Table 7: Physico-chemical parameters of milled post-consumer footwear uppers

Parameter Value
Moisture content [%] 0.512 £ 0.016
Dry mass [%] 99.488 £ 0.016
Ash content [%] 6.59 + 0.27
Heat of combustion [MJ/kg] 24.889 £ 0.178

Table 8: Composition of milled post-consumer footwear uppers

Element Yoweight
C 57
o) 39
Ca 3
Other 1

The ground tops of the post-consumer footwear were subjected to pyrolysis processes. A retort
furnace type FCF 2R from Czylok was used for this purpose (Figure 58). The pyrolysis process
was carried out using a CO- flow rate of 2 dm3/min at temperatures varying from 500-800°C. For
each temperature, the process was run three times to determine the average yield of carbonisate
obtained. In addition, to optimise the process, the temperature of the water jacket around the

furnace hatch was controlled by a thermostat to prevent temperature fluctuations in different
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zones of the retort. A three-stage temperature ramp-up cascade was used during the processes,
and the duration of a single process was 105 min. After the process, the sample was stored in
the furnace retort in a CO, atmosphere for 24 h. The sample was then carbonised in the furnace

retort. The resulting carbonate sample was then weighed, and the carbonate yield was
determined using the formula:

Carbonisation yield = mass of carbonisate [g] /initial mass of pulverised waste[g] x 100 [%]

Figure 58: Pyrolysis workstation

As a result of the research work carried out, it was found that a decrease in the efficiency of
carbonisate production was observed as the process temperature increased. This was 23.0% for
500°C, 22.6% for 600°C, 21.6% for 700°C, and 18.1% for 800°C, respectively (
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Table 9).



Page 78 of 112 ReProcessShoe Cornet 01IF00353C

Table 9: Composition of milled post-consumer footwear uppers

Temperature of pyrolysis [°C] Carbonisation yield [%]
500 22.96 + 1.12
600 22.63 +0.55
700 21.56 + 0.46
800 18.12+0.98

Pyrolysis processes resulted in “dry” carbonisates (devoid of liquid oil fractions - therefore only
solid and gas fractions were investigated in the task), which were labelled C500, C600, C700 and

C800 according to the pyrolysis process temperature (Figure 59).

(@) (b)

TM3000_3367 2024-07-23 09:44 N D53 x500 200 um

Figure 59: Photographs of a carbonate sample taken with an optical microscope and a scanning

electron microscope

The ground carbonisations were characterised in terms of moisture content, dry matter, ash, heat
of combustion and calorific value (Table 10).
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Table 10: Physico-chemical parameters of carbonates produced during pyrolysis processes

carried out at different temperatures

Type of sample
Parameters
C500 C600 C700 C800

Moisture content [%] 0.544 + 0.005 0.703 £ 0.011 1.610 £ 0.036 4.477 £ 0.074
Dry mass [%] 99.456 + 0.005 99.297 £ 0.011 98.390 £ 0.036 95.523 + 0.074
Ash content [%] 29.520 £ 0.036 31.667 £ 0.079 27.697 £ 0.079 26.516 + 0.166

Heat of combustion [MJ/kg] 16.56 + 0.16 16.54 + 0.13 17.18 £ 0.09 16.38 £ 0.31

Heating value [MJ] 16.04 + 0.16 16.13+0.12 16.86 + 0.09 16.00 £ 0.31

The materials produced were characterised in terms of elemental composition (carbon, hydrogen,
nitrogen, sulphur, chlorine, oxygen) using a CHNS-CI| analyser, metal content (including
chromium, iron, sodium, potassium, zinc, magnesium, calcium, the presence of which results from
the production cycles and chemicals used during leather tanning fabric processing and shoe
upper production) using an atomic absorption spectrometer and the content of 16 PAHs by gas
chromatography, the presence of functional groups (using FTiR) and structure (using a Raman
spectrometer). On the basis of the results obtained, the effect of an increase in pyrolysis
temperature on an increase in carbon content and a decrease in hydrogen and oxygen content
in the produced carbonates was found, as well as the lack of the relationship between the
nitrogen, sulphur and chlorine content of the carbonisations and the temperature of the pyrolysis
process. At the same time, the sulphur and chlorine contents of all types of carbonisates are
negligibly low (Table 11).
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Table 11: Elemental composition of carbonates produced during pyrolysis processes carried out

at different temperatures

Type of Elemental composition [% m/m]

sample Cc H N S cl o*
Raw

aterial 59.39+0.77 5.86+0.22 1.11£0.06 0.013+0.007 0.041+0.008 33.59
C500 50.21+0.14 2.24+0.10 1.79+0.07 0.121+0.004 0.043+0.004 45.59
C600 48.431+0.12 1.62+0.03 1.74+0.01 0.127+0.006 0.049+0.003 48.03
C700 54.43+0.02 1.17+0.04 1.79+0.05 0.101£0.010 0.035+0.003 42.47
C800 55.81+0.08 1.14+0.01 1.76+0.02 0.098+0.009 0.016+0.002 41.18

A decrease in the H/C molar ratio was observed as the pyrolysis process temperature increased

(Figure 60), which may be due to dehydration, polymerisation and volatilisation of some organic

structures. As a result of the analytical study, an increase in metal content was observed in the

carbonisations compared to the ground tops of post-consumer footwear. This is due to the

decomposition of organic components during pyrolysis, resulting in a reduction in the weight of
the material. The total content of the 16 PAHs was 3.8 mg/kg, 5.8 mg/kg, 14.9 mg/kg, and 0.7
mg/kg for C500, C600, C700 and C800, respectively.

H/C molar ratio [-]

1,4

1,2

1,0

0,8

0,6

04

0,2

0,0

Feedstock

C500

C600

Type of sample

C700

C800

Figure 60: Molar ratio of H/C in waste leather/textile materials and carbonates made from them
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Leather-textile mixtures and the carbonates made from them were characterised in terms of Cr,
Zn, Fe, Na, K, Mg and Ca content. The highest content of these elements was observed for Ca
(~32 g/kg), Mg (~1 g/kg) and Zn (~0.8 g/kg). The levels of the other metals were comparable (Cr
~140 mg/kg, Fe ~185 mg/kg, Na ~166 mg/kg, and K ~174 mg/kg). The types of metals and their
contents in leather-textile blends are a result of the production cycles and the chemicals used
during leather tanning, fabric processing and shoe upper production. A significant increase in
metal content has been observed in carbon materials compared to textile/leather blends. This is
due to the decomposition of the organic components during pyrolysis, which results in a reduction
in the weight of the material and a consequent increase in the metal content of the carbonised

materials (Table 12).

Table 12: Metal content of carbonates produced at different temperatures

Type of Metal content [mg/kg]

sample Cr Fe Na K Zn Mg Ca
C500 396.1+7.7 633.7£5.5 661.2+3.6 322.4+6.7 1591.0£16.0 5243191 1076451394
C600 433.9+8.7 698.0+£18.0 660.418.0 381.0£12.0 1175.04£68.0 5468+109 118912+1639
C700 344.4+5.7 651.914.1 730.0£37.0 345.0+£3.6 727.5+1.2 5185+20 11719112859
C800 330.64+2.5 574.414.3 608.0+26.0 388.0£10.0 538.9+2.8 5198192 10080312321

On the basis of the FTiR spectra (Figure 61), on the other hand, it was found that the band
occurring at 3600-3100 cm™ (responsible for the stretching vibration of the O-H bonds in the
hydroxyl group) is not observed in the samples studied. This band may be responsible for the
water content of the sample, and its absence explains the low moisture content of the carbonates
produced (Table 10). Its absence may also indicate the absence of O-H bonds characteristic of
carboxylic acids, alcohols or phenols. In contrast, the band at 1577-1578 cm™ observed for
carbonisates produced at 500°C and 600°C is attributed to the stretching vibrations of the C=C
bonds present in the aromatic ring associated with the C=0 carbonyl group. This band disappears
as the temperature increases from 600°C to 700°C. This may be due to the breaking of these
bonds during pyrolysis conducted at temperatures higher than 600°C. Strong peaks occurring at
1422 cm™', which may indicate the presence of an aliphatic C-H bond, are evident in all samples
tested. In contrast, a band at 1022 cm™' corresponding to the C-O bond, the presence of which
may suggest the presence of ring hydrocarbon structures, is observed for carbonates produced
at 500, 600 and 700°C. In contrast, the peaks visible for all carbonisates at 873 cm™ are
characteristic of the bending vibrations of the =C-H group, whose presence may indicate the

presence of aromatic hydrocarbons.
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Figure 61: FTIR spectra of carbonates produced during pyrolysis processes of ground post-

consumer footwear uppers carried out at different temperatures

On the other hand, on the basis of the results of tests carried out using a Raman spectroscope
(Figure 62), it was found that the pyrolysis temperature has a significant effect on the structure of
the carbonates produced. For all analysed carbonisers, the presence of two bands characteristic
of carbonaceous materials was detected: the G band (defining the graphitic structure) at a wave
number of about 1590 cm™" and the D band (the so-called defect band) at a wave number of about
1350 cm™. On the basis of the obtained peak intensities, Io/ls ratios were calculated, allowing the
degree of structure ordering of the studied materials to be assessed. The most ordered structure
is characterised by carbonate obtained at 500°C. In this case, the Ip/lg value is 0.10. As the
pyrolysis temperature increases, the value of the Ip/lg ratio increases (the Ip/lg ratios are 0.13,
0.26, 0.42 for temperatures of 600, 700 and 800°C, respectively), and thus the degree of ordering
of the carbonate structure decreases. Considering that the Ip/lc for commercial graphite varies in
the range of 0.03-0.17 (the Ip/lc value of graphite is affected by the presence of edge defects,
depending on the graphite size). Carbonates produced at 500°C and 600°C can be considered
to have a graphite-like structure.



Page 83 of 112 ReProcessShoe Cornet 01IF00353C

G
D =
T lcs00 Ip/I; =0.10
S
2
;i
E C600 ID/IG =0.13
C700 ID/IG =0.26
C800 Ip/1g=0.42
1200 1400 1600 1800 2000

Raman shift [cm]

Figure 62: Raman spectra of carbonates produced during pyrolysis processes of ground post-

consumer footwear uppers carried out at different temperatures

Based on the study, it was concluded that the increase in disordered structure of the carbonisate
is the result of an increase in the volume of gases (including CO,, CO, SO, NOy, O,) formed

during pyrolysis as the process temperature increases.

3.6 Work Package 6

Optimization of process parameters enabling the effective use of
sorption materials from uppers in industry

The task began with examining the sorption properties of carbonates produced in WP 5. For this
purpose, their specific surface area was assessed based on N2 adsorption-desorption isotherms
(77 K) determined using a Quantachrome AUTO-SORB IQ Analyzer. Based on the results of the
tests, it was found that an increase in the pyrolysis temperature, causing a decrease in the degree
of structural order, contributed to an increase in microporosity and specific surface area. The

carbon materials produced have micro- and mesopores, and their percentage share depends on

the temperature used during the pyrolysis process (Table 13).
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Table 13: Effect of pyrolysis temperature on specific surface area (SMBET), micro- and

mesopore volume, and their percentage share in carbonates produced from leather and textile

materials
Pyrolysis s Total pore Volume of Volume of Proportion of Proportion of
temp. [rT"]"ZE;ET] volume micropores | mesopores | micropores mesopores
[°C] 9 [m*/g] [m*/g] [m*g] [%] [%]
500 94 0.087 0.017 0.070 19.54 80.46
600 178 0.127 0.046 0.081 36.22 63.78
700 194 0.152 0.045 0.107 29.61 70.39
800 217 0.121 0.065 0.056 53.72 46.28

In the next stage of research, the application possibilities of the produced carbon materials were
analysed. However, due to the physical and chemical properties of carbonates (primarily high ash
content of 26-32% and low calorific value of approx. 16 MJ/kg), their use for energy purposes is
not expected. Carbonates produced at low temperatures (500°C and 600°C), due to the high
degree of carbon structure order (Ip/lg ratio of approx. 0.1), can be used as substitutes for graphite
used in the production of lubricants and regenerative composites for industries such as In turn,
carbon materials produced during pyrolysis carried out at higher temperatures (700°C and
800°C), which are characterised by a surface area of approx. 200 m?/g, can be precursors for
sorption materials. The research activities undertaken assessed the effect of the mass ratio of
chemical activator:carbonate on the specific surface area and pore structure of carbon materials
produced from a leather-textile mixture during pyrolysis processes carried out at temperatures of
700°C and 800°C. The chemical activating agent was potassium hydroxide (KOH), which was
mixed with carbonates in mass ratios of 1:1, 2:1, 3:1 and 4:1, and then subjected to an activation
process carried out at 700°C in the presence of an inert gas (N2). The activation temperature was
selected on the basis of literature data, according to which the reaction rate is accelerated with
increasing temperature, so activation is also accelerated. An activation temperature exceeding
750°C when using KOH causes uneven activation of activated carbon and, consequently,
reduced adsorption efficiency. The use of KOH as an activating agent resulted in intensive
development of the specific surface area and pore structure. The effect of the amount of activating
agent is clearly visible in the N2 adsorption-desorption isotherms presented in Figure 63. In the
case of carbonates produced at 700°C, the N2 adsorption-desorption isotherms determined for

activated carbons produced at KOH: carbonate at levels of 4:1 and 3:1 are located at a similar
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level, which indicates a similar development of specific surface area and pore volume (Figure
63 a). In contrast, in the case of carbonates produced at 800°C, the N, adsorption-desorption
isotherms determined for activated carbons produced at the maximum KOH:carbonate ratio (4:1)
are located at the highest level, which indicates the most effective development of specific surface
area and pore volume (Figure 63 b). The N2 adsorption-desorption isotherms (Figure 63) show a
type | (a) and type | (b) isotherm with a type IV hysteresis loop (H4 according to the IUPAC
classification) in the relative pressure range from 0.4 to 1.0. The occurrence of such hysteresis is

characteristic of the presence of micropores and a large number of mesopores.

(a) (b)
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Figure 63: Adsorption—desorption isotherms of N2 for activated carbons produced during the
activation of carbonates from the pyrolysis of leather-textile mixtures carried out at temperatures
of 700°C (a) and 800°C (b) using KOH

The observations of N, adsorption-desorption isotherms (Figure 63) confirm the values of
structural parameters presented in Table 14 and Table 15. The specific surface area (Swger)
values for non-activated carbonates ranged from 194 m?/g (Table 14) to 217 m?/g (Table 15),
while the total pore volume values were 0.152 cm®/g and 0.121 cm?®/g, respectively. Activation
with KOH yielded very good results. The parameters used in the chemical activation process of
carbon materials produced from a leather-textile mixture at a temperature of 700°C enabled an
approximately 6-fold increase in their specific surface area, with a total pore volume of 0.902
cm®/g (Table 14). In the case of carbonate produced from a leather-textiie mixture at a

temperature of 800°C, an approximately 5-fold increase in specific surface area was observed,
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with a total pore volume of 0.492 cm?®g (Table 15). All activated carbons produced are
characterised by a developed porous structure with both micropores and mesopores. In the case
of activated carbons prepared on the basis of carbonates produced from leather and textile
mixtures during pyrolysis at 700°C, mesopores predominate (the maximum proportion of 72%
was observed during activation carried out at a KOH:carbonate ratio of 4:1). In contrast, in the
case of activated carbons from carbonates produced from leather-textile mixtures during pyrolysis
at 800°C, micropores predominate (a maximum share of 62% was observed with activation
carried out at a KOH:carbonate ratio of 4:1). Based on the results of the studies, it was found that
the KOH:carbonate mass ratio plays an important role in the formation of the porous structure.
The development of the porous structure occurs as a result of metal intercalation into the carbon
structure and is greater the higher the impregnation coefficient, resulting in a larger number of

pores.

Table 14: Effect of the KOH:carbonate mass ratio on the specific surface area (SMBET), micro-
and mesopore volume, and their percentage share in carbonates produced from leather-textile

mixtures during pyrolysis at 700°C

. Total pore Volume of Volume of | Proportion of Proportion of
Mass ratio of SwmeeET _ _
] volume micropores | mesopores micropores mesopores
KOH:carbonisate [m?/g]

[m?/g] [m?/g] [m?/g] [%] [%]
0:1 194 0.152 0.045 0.107 30 70
1:1 474 0.250 0.095 0.155 38 62
2:1 820 0.446 0.253 0.193 57 43
3:1 1294 0.920 0.304 0.616 33 67
4:1 1199 0.902 0.257 0.645 28 72
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Table 15: Effect of the KOH:carbonate mass ratio on the specific surface area (SMBET), micro-

and mesopore volume, and their percentage share in carbonates produced from leather-textile

mixtures during pyrolysis at 800°C

_ Total pore Volume of Volume of | Proportion of Proportion of
Mass ratio of SweeT , ,
) volume micropores | mesopores micropores mesopores
KOH:carbonisate | [m?/g]

[m?/g] [m?/g] [m?/g] [%] [%]
0:1 217 0.121 0.065 0.056 54 46
1:1 373 0.215 0.115 0.100 53 47
2:1 633 0.330 0.200 0.130 61 39
3:1 843 0.459 0.256 0.203 56 44
4:1 1022 0.492 0.303 0.189 62 38

The activated carbon materials produced in the project are characterised by a specific surface

area comparable to that of commercial activated carbons and can therefore be used as sorption

materials for water and wastewater treatment. Tests verifying the applicability of carbon sorbents

developed on the basis of carbonised material produced at 700°C, based on two types of dyes,

showed that they could be removed from aqueous solutions at a level of 100% (methylene blue

solution with a concentration of 100 mg/dm?) and 97.2% (eosin solution with a concentration of

0.01%). The results of the tests carried out are presented for methylene blue in Figure 64.
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Figure 64: Efficiency of methyl blue removal from an aqueous solution during sorption on

carbonates produced at temperatures of 700°C (a) and 800°C (b)
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In the final stage of the task, a simulation was carried out of the transition from the laboratory level
to the quarter-technical scale of the textile wastewater treatment process using the developed
carbon material. For this purpose, a modular filtration installation for the sorption of pollutants on

active beds was used (Figure 65).
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Figure 65: Diagram of the sorption bed filtration module: M1, M2 — pressure gauges,
K1 — sorption column filled with carbon material produced from the tops of used footwear,
K2 — sorption column filled with commercial activated carbon, Z1-Z4 — ball valves, ZT1 — three-

way ball valve, Filter 1 — mechanical filter, Filter 2 — non-woven filter

Based on preliminary work carried out on model dye solutions, it was determined that each filter
column should be filled with carbon material to % of its volume, which corresponds to
approximately 20 kg of sorption material. The liquid to be purified is fed into the selected column
by means of a pump. The use of a mechanical filter (Filter 1) protects the column from damage
by solid particles that may be present in textile wastewater. The flow of liquid through the column
should be set at 5-10 dm®min, which will ensure optimal conditions for contact between the liquid
and the sorption material and process stability. The design of the installation allows the sorption
properties of the developed carbon material to be compared with commercial active beds in a
single process by changing the settings of the valves (Z1 and Z2) and directing the wastewater
to the appropriate bed. The use of a non-woven filter allows any carbon released from the active
bed to be retained. The degree of bed saturation and the need for its regeneration are controlled
using pressure gauges (M1 and M2). After the wastewater treatment process is completed, it is
necessary to regenerate the carbon materials. The station enables the regeneration of sorption

beds by backwashing with a flow rate of approximately 10 dm3/min for 10-15 minutes.
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3.7 Work Package 7

Development of methods for the regeneration of the sorption bed
formed in the thermochemical conversion of footwear elements

and the management of the used sorption material

As part of the task, assumptions were developed for the regeneration of the sorption bed, which
was created as a result of the thermal treatment of the upper material of footwear and its
utilisation. The first stage of the research work involved selecting a method for regenerating the
sorption bed. There are several such methods, the most commonly used being thermal and
chemical methods. Thermal methods involve the regeneration of carbon adsorbents by means of
thermal treatment carried out in furnaces at temperatures reaching 900°C. The residence time of
the regenerated material particles in the reaction zone is usually between 0.5 and 1.5 hours, and
the process itself usually takes place in two stages.

In the first stage, the adsorbed contaminants are thermally desorbed, while in the second stage,
they are reactivated with an oxidising agent. Chemical methods, on the other hand, use various
solvents and chemical compounds to desorb retained organic and inorganic compounds. For this
reason, regeneration techniques are further divided according to the regeneration agent used.
Various acids, such as hydrochloric acid (HCI), nitric acid (HNO3), sulphuric acid (H2SO.), bases,
among which sodium hydroxide (NaOH) is the most commonly used, salts (e.g. NaCl) and organic
solvents, i.e. methanol, ethanol or acetone. Based on the analysis carried out as part of the

project, the chemical regeneration method was selected.

In the next stage of the research, the possibility of regenerating the used sorption bed was
verified. In the first stage, the adsorption process was repeated on the sorption beds produced in
task 5 (WP 6). The process was carried out using the dynamic contact method (150 rpm) for 30
minutes, with a bed weight of 0.25 g and a dye concentration of 100 mg/dm? for methylene blue
and 0.01% for eosin, using 25 cm? of solution. After the dye adsorption process, 5 cm?® was dried
at 105°C to remove water and then subjected to infrared spectral analysis (FTIR) to verify the
degree of bed contamination. The obtained FTIR spectra were compared with those for the bed

before the adsorption process (Figure 66).
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Figure 66: Comparison of FTIR spectra for the sorption bed: a) produced at 700°C and activated
with KOH (ratio 4:1) and b) after adsorption of methylene blue on this bed.

It has been established that the reduction in the intensity of bands located at wavelengths of
approx. 1422 cm™ (C-H), 1022 cm™ (C-O) and 873 cm™ (=C-H) is caused by the formation of
bonds with methylene blue. In addition, after the adsorption of methylene blue, additional bands
appear in the spectrum. The peak originating from vibrations most likely from the C=N group
(approx. 1800 cm™) is characteristic of methylene blue, and its shift may be caused by interactions
with the surface of the adsorbent. The broad band at approx. 2100 cm™' visible in the spectrum
after the adsorption of methylene blue probably originates from the new C=C or C=N bonds that
were formed, which were made possible by the use of KOH activation and the reorganisation of
the carbon material surface.

The remaining 20 cm?® was centrifuged for 6 minutes at a speed of 7830 rpm to separate the
solution from the sorption bed. The supernatant obtained was filtered through a filter with a pore
diameter of 0.47 ym, and then the degree of dye retention was determined. The remaining
sorption bed was flooded with 25 cm?® of desorbing reagent. The following desorbents were used:
96% ethanol solution, 8.9% NaCl solution, 0.1 M and 1 M HCI solutions, 0.1 M and 1 M NaOH
solutions, and deionised water. The regeneration process was carried out in 3 cycles at a
temperature of 25°C. Each sample was first shaken for 6 minutes at 150 rpm and 25°C and then
centrifuged for 6 minutes at 7830 rpm. The supernatant was filtered, and the dye concentration

was determined after the desorption process. The sorption process conditions were selected
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experimentally. It was assumed that the regeneration time should not exceed 15 minutes, which
was dictated by the technological capabilities of the installation discussed in task 5 (WP 6) and
the possible use of the obtained results to verify the effectiveness of the physical regeneration
method. The efficiency of regeneration was determined by the desorption capacity of methylene
blue and eosin after each regeneration cycle. The results of the research work carried out are

summarised in Table 16.

Table 16: Desorption efficiency of methylene blue and eosin after 3 regeneration cycles of the

sorption bed produced at 700°C and activated with KOH (3:1) using various desorbing agents

Desorption of methylene _ _
Type of desorbent Desorption of eosin
blue
96% ethanol 22% 31%
8,9 % NaCl 2% 0%
0,1 M HCI 33% 3%
1 M HCI 83% 48%
0,1 M NaOH 3% 41%
1 M NaOH 6% 58%
Deionised water 20% 31%

Studies have shown that regeneration of a sorption bed saturated with methylene blue using 1 M
HCI allows for the recovery of approximately 83% of the initial adsorption capacity of the carbon
material. The least effective desorbent used for the regeneration of the methylene blue sorption
bed was an 8.9% NaCl solution, with a desorption efficiency of approx. 2%. The regeneration of
the sorption bed after eosine adsorption using HCI solutions is less than 50% effective. The use
of a 0.1 M NaOH solution allows for slight desorption of methylene blue — the desorption efficiency
is only 3%, while in the case of eosin, this value is slightly over 41%. Increasing the concentration
of NaOH in the case of methylene blue does not cause significant changes in the increase in bed
regeneration efficiency. However, the use of a 1 M NaOH solution for the desorption of eosin
results in an increase in regeneration efficiency of approx. 17%. The regeneration of the used
sorption bed with 96% ethanol, used in the study, showed that the desorption of methylene blue

at the end of the regeneration process was 22%, while that of eosin was approx. 31%. In the case
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of bed regeneration after eosin adsorption, the most effective regeneration method is the use of
a 1 M NaOH solution, with a desorption level of 58%. The use of deionised water for the
regeneration of the sorption bed after methylene blue and eosin adsorption results in efficiencies
of 20% and 31%, respectively. Analysis of the adsorption and desorption results after each
regeneration cycle showed that their efficiency decreases and the level varies depending on the
desorbent used (Figure 67). A decrease in adsorption capacity is noticeable for both dyes after
the first regeneration cycle. The lower desorption efficiency compared to the adsorption efficiency
in the adsorption/desorption cycles indicated that there was some heterogeneity on the surface
of the sorption bed and that the active sites had higher than normal binding energy. This can lead
to dye molecules binding to these sites, forming strong bonds that hinder the desorption process.
With each subsequent regeneration cycle of the bed, the dye adsorption capacity decreases, but
it is still higher than the degree of purification achieved with various desorbents. This is due,
among other things, to the large specific surface area of the bed, which means that with each
subsequent adsorption cycle, more and more free active sites are filled. In the case of
regeneration with NaOH solution, the high level of adsorption, despite the low regenerative
capacity of this agent, results from maintaining the alkaline nature of the surface, which facilitates
interactions between the bed surface and the adsorbate. The use of a 1 M HCI solution allows for
more effective regeneration of the bed, but changes the nature of the surface, resulting in lower

adsorption in subsequent cycles.



Page 93 of 112

a)

100,0
90,0
80,0
70,0
60,0
50,0
40,0
30,0

20,0

Adsorption efficiency [%]

10,0

0,0

b)

100,0
90,0
80,0
70,0
60,0
50,0
40,0
30,0

20,0

Adsorption efficiency [%]

10,0

0,0

ReProcessShoe Cornet 01IF00353C
m1lcyce wm2cycle =3 cycle MB
89,5
88,5 — 85,9
79,4 80,7 830817
3,6 74,5
8,4
5,2 4,9
0,4
L0 74
53,1
5,2 6,5
2,1
1M HCI 0,1 M HCI 1M NaOH 0,1 M NaOH 8,9% NaCl 96% EtOH H20
Desorbing agent
m1lcycle m2cycle =3 cycle Eosine
87,9
82,4 80,4 83,0 83,1
75,6 76,3 745
69,7 60,3 2 71,3
62,5
59,6 59,3
56,2
295 49,9
455
34,6
321
1M HCI 0,1 M HCI 1M NaOH 0,1 M NaOH 8,9% NaCl 96% EtOH H20

Desorbing agent

Figure 67: Adsorption efficiency after 3 regeneration cycles of the sorption bed obtained by
pyrolysis of footwear components at 700°C and activation with a 3:1 KOH solution

An analysis of the results obtained for the adsorption of methylene blue and eosin showed that

after three consecutive desorption cycles, the sorption properties of the carbon material decrease.

Therefore, it is necessary to dispose of or properly manage degraded carbon materials. Based
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on the research conducted, it was found that they can be incinerated. However, the results of the
research showed unfavourable energy parameters of the carbonates produced, particularly in
terms of high ash content (26-32%) and low combustion heat values (on average approx.
16.7 MJ/kg). This means that combustion would only be carried out for the purpose of disposing
of degraded coal material without a focus on generating heat energy. However, it should be noted
that high temperatures ensure complete decomposition of organic materials and minimise the
emission of harmful substances. An alternative way of utilising spent coal deposits is to use them
as fillers in the production of rubber materials for a wide range of technical products, including
openwork doormats, non-slip mats, bumpers, gaskets and washers. This has been confirmed by
industrial trials carried out at SPOIWO in Radom (Poland). The task also analysed the possibility
of backwashing the bed to restore its sorption properties using an 8.9% NaCl solution. The
process was carried out over 12 minutes at a flow rate of 10 dm®min. It was found that the use
of this method is not very effective in the case of carbon materials with adsorbed dyes, which is
confirmed by the experimental data obtained (2% desorption efficiency of methylene blue and 0%
desorption efficiency of eosin). For the regeneration of such sorption beds, especially in the case
of adsorption of both dyes at once, it is necessary to use chemical solutions that effectively desorb
organic dyes by changing the pH, which leads to the decomposition and removal of the dye from
the carbon pores. Based on the work carried out in the project, it was found that the process of
regenerating the adsorbate from the surface of the adsorbent should be adapted to the type of
substance being retained, and that the effectiveness of regeneration is influenced by many
factors, i.e. temperature, adsorbate concentration, desorbent concentration, pH of the desorbing
solution, and the properties of the adsorbent itself. The regeneration of the carbon bed produced
by pyrolysis of footwear components should therefore include backwashing with an acid solution
with a minimum concentration of 1M (in the case of methylene blue) or 96% ethanol (in the case
of eosin), followed by rinsing with a solution that restores the alkaline nature of the bed surface.
In addition, after 3 adsorption/desorption cycles, the sorption bed should be replenished with fresh

bed in a ratio of at least 1:1 to ensure a high level of dye adsorption.
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3.8 Work Package 8

Dissemination and exploitation

During the works in this Work Package the list of SMEs and other institutions, organizations and
groups interested in the project results was updated. Then, a dissemination plan was developed

which, through the use of appropriately adapted means, would allow reaching the target audience.

The results of research work carried out as part of this project were presented at specialized

events, such as:

¢ 5th International Conference Strategies toward Green Deal Implementation — Water, Raw
Materials & Energy, 27-29.11.2024, Krakow;

e XV Konferencja Ochrona i Inzynieria Srodowiska — Zréwnowazony Rozwéj, 19-
20.09.2024, Krakow;

¢ International Conference - Water and Sewage in the Circular Economy Model (CEwater),
22-24.04.2024, Krakow;

e 4th International Conference Strategies toward Green Deal Implementation — Water, Raw
Materials & Energy, 14-15.12.2023, on-line;

e 8 Forum Inteligentnego Rozwoju, 19-20.10.2023, Uniejow;
¢ Miedzynarodowe Targi Simac Tanning Tech, 8-22.09.2023, Mediolan;
e Radom Expo 2023 ,Sita radomian — sitg gospodarki”, 8-9.09.2023, Radom;
e Posiedzenie Rady Biznesu Politechniki L.édzkiej, 26.05.2023, t.6dz.
Two scientific articles were prepared, published in:
e Sustainability, ISSN: 2071-1050, IF=3,3, CiteScore: 6,8.

e Materials, ISSN: 1996-1944, IF=3,1, CiteScore: 5,8.
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A project website has been created: http://www.oibs.pl/cornet2.
The website is publicly accessible and is therefore a useful source of information for recipients

and other interested parties.
Information about the project was also posted on the website and social media:
https://www.itee.lukasiewicz.gov.pl/projekty/miedzynarodowe?view=article&id=139&catid=90

https://www.facebook.com/photo.php?fbid=1141057744691085&set=pb.100063606102227 .-
2207520000&type=3

https://www.facebook.com/photo.php?fbid=1010236471106547&set=pb.100063606102227 .-
2207520000&type=3

https://www.facebook.com/photo/?fbid=841444964652366&set=a.512173457579520&locale=pl
_PL

https://www.facebook.com/photo/?fhbid=63640293515657 1&set=pchb.636403928489805&locale=
pl_PL

As part of the task, materials for the international website of the project were also developed:
https://reprocessshoe.eu/

As part of the task, materials (program, certificates, diplomas) that were necessary to organize a
scientific symposium were developed and printed. On February 20, 2025, the International
Scientific Microsymposium 'Footwear Waste & Recycling' was organized, during which the project
results were presented. The symposium participants included representatives of both the

scientific and industrial communities.

The project was honored by "Polish Smart Development Award in the category Intelligent

Development Technologies for the Future”.

INTELLIGENT DEVELOPMENT LEADER AWARD 2024 for M.Eng. MONIKA FLISEK for

outstanding activities related to Innovative Technologies of the Future.

The award is an expression of recognition for innovative solutions that will have a positive impact
on our lives, or most often in the future, but also for the attitude aimed at broadly promoting the

importance of the benefits resulting from the implemented projects. Combining these two



Page 97 of 112 ReProcessShoe Cornet 01IF00353C

elements is the most effective way to successfully implement a given solution on the market and

thus influence smart development.

The award was granted for an open attitude towards communication with the public in order to
present the importance of benefits resulting from the implemented projects, for intelligent
development through substantive activities, as well as for the active popularization of one's work

among the society.
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4 Plan for transfer of result to the industry

Through close cooperation and regular communication between the research centers as well
as the transfer to the SMEs through meetings, have supported the implementation of the

project.

Outside the PA, representatives of the business community were also able to discuss the
results obtained in the reporting period (see vAWS). In addition to the transfer measures listed
in the application during the project period, publications have also been produced by the

Research Center's newsletters and a dedicated website.

Various activities have been carried out to ensure the transfer of research results to industry.

A continuation of the activities is planned. The following table contains a detailed list of the

measures already implemented for the transfer of results.

Table 17: Dissemination plan into the industry during the project

activity / Dissemination | Goal / Explanation Date/time period Responsible
User Committee Meeting | Presentation of the planned project and | 18.01.2023 OIBS/L-ITEE/
Radom — Poland the preliminary tests to the polish PFI
companies
User Committee Meeting | Presentation of the planned project and | 17.01.2023 PFI
Pirmasens Germany the preliminary tests to the german
companies
Website Start of the project  website | 02/2023 PFI
https://reprocessshoe.eu/ to present the
project and the partner on English
User Committee and | Presentation of the project to the german | 23.03.2023 PFI
Technical advisory board | companies
meeting
Meeting of the Lodz The activity in the project was discussed | 26.05.2023 OIBS
University of Technology
Business Council -
Poland
Radom Expo 2023 ,Sita | Presentation of the project results to the | 08. - 09.09.2023 OIBS
radomian — sitg polish companies
gospodarki” - Poland
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activity / Dissemination

Goal / Explanation

Date/time period

Responsible

Simac Tanning Tech
International Fair - Italy

Presentation of the project results to the
foreign companies

08. - 22.09.2023

0oIBS

8" Forum Inteligentnego | Presentation of the project results to the | 19. -20.10.2023 OIBS/A-ITEE
Rozwoju - Poland scientific and companies
KREATIVVITTI 2023 Fair Presentation 10. - 12.11.2023 PFI
International Textile | Presentation 30.11.-01.12.2023 | PFI
Conference 2023
4t International Presentation of the project results to the | 14.-15.12.2023 L-ITEE
Conference Strategies scientific
toward Green Deal
Implementation — Water,
Raw Materials & Energy
- Poland
Article PFI Newsletter Presentation of the project to the | 2023/2024/2025 PFI
customers, partners and cooperation of
the PFI Network
User Committee and | Presentation of the project to the german | 21.03.2024 PFI
Technical advisory board | companies
meeting
International Conference | Presentation of the project results to the | 22. - 24.04.2024 L-ITEE
- Water and Sewage in scientific
the Circular Economy
Model (CEwater)-Poland
9t Forum Inteligentnego | Presentation of the project results to the | 20.06.2024 OIBS
Rozwoju - Poland scientific and companies
User Committee Presentation of the project to the german | 02.07.2024 PFI
meeting companies
XV Konferencja Presentation of the project results to the | 19. - 20.09.2024 L-ITEE
Ochrona i Inzynieria scientific
Srodowiska —
Zréwnowazony Rozwdj -
Poland
Desma House Fair 2024 | Presentation 24. - 25.09.2024 PFI
5% International Presentation of the project results to the 27.-29.11.2024 L-ITEE

Conference Strategies
toward Green Deal
Implementation — Water,
Raw Materials & Energy

scientific
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Activity | | Goal / Explanation Date/time period Responsible
Dissemination

Meeting with local The possibility of local administration 17.-22.11.2025 OIBS
administration support will be discussed

Meeting with central The possibility of ministry support willbe | 01.- 20.12.2025 OIBS
administration, discussed and the role of consumer’

consumers organization | organizations will be settled.

and the appropriate

ministry

User Committee Presentation of the project to the german | 09.12.2024 PFI
meeting companies

10t Forum Presentation of the project results to the 09.- 10.06.2025 L-ITEE
Inteligentnego Rozwoju | scientific and companies

- Poland

PF1 Meeting of the PFI Presentation of the final project results to | 27.03.2025 PFI
Technical Advisory representatives of the shoe and leather

Board industry

International Conference | Presentation of the project results to the 05. - 06.06.2025 L-ITEE
VI EU Green week: scientific

Circular solutions for a

competitive EU - Poland

15th International Presentation of the project results to the 24. - 26.06.2025 L-ITEE
Conference on scientific

Membrane and

Separation Processes &

10th Membrane

Conference of Visegrad

Countries - MEMSEP &

PERMEA 2025 - Poland

Meeting  with  shoe | The possibility of using project results for | 27. - 30.10.2025 OIBS
producers from Radom | group of shoe producers will be discussed

region

Meeting  with  shoe | The possibility of using project results for | 17. - 31.11.2025 oIBS
producers from Kalwari | group of shoe producers will be discussed

Zebrzydowicka and

Matopolska region

7th International Presentation of the project results to the | 22. - 23.10.2025 L-ITEE

Conference
‘Environmental
Engineering and Design
- Poland

scientific
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4.1 Assessment of the feasibility of the proposed and updated

transfer concept

In conclusion, it can be said that the overall transfer dimensions planned for the project period
were estimated to be very realistic in advance. Both the set number of meetings of the project-
accompanying committee, as well as the publications in the form of newsletters and on the

own project website was well feasible.

The still planned transfer measures are also estimated realistic and could already be partially

implemented, such in-house publications.

Shoe manufacturers are encouraged to develop a new market segment or to integrate
subcomponents in their products through the information already published or the information
that will be released into the economy after the project ends. Companies can use the results
obtained directly or as a basis for developing their products, e.g. to present an innovative
product on the market, in order to attract attention - as a marketing method to use — and thus

to showing their presence and to grow.

5 Presentation of scientific-technical and economic benefits
of the results obtained in particular for SMEs their

innovative contribution and industrial applications

Based on the results of the research work carried out in the project, it was concluded that the
proposed integrated process system (stripping, fractionation, grinding, injection and pyrolysis)
could be an alternative to the currently used techniques for the mechanical recycling of waste
clothing materials (clothing, footwear). This process can be particularly useful when processing
waste clothing materials that are mixed, chemically contaminated or mechanically damaged. It
may be possible to use the proposed processes to process uppers and bottoms into usable
products, including sorbent material precursors and rubber material additives. The biggest
challenges associated with the use of the proposed processes in the recycling of post-consumer

footwear are:
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e economic viability - high investment costs due to the need for a new process facility with

initially uncertain revenues,

e waste raw material supply - changes in the rate of waste delivery can cause operational
disruption and changes in waste composition can affect process efficiency and product

quality, so it is essential to develop a waste collection and segregation system,

e regulatory obstacles - unclear or restrictive emission and waste management legislation,
the need to obtain permits to operate process facilities, as well as certificates allowing the

use of treated waste,

¢ technological constraints - achieving optimum operating conditions for different feedstocks

can be complicated by the need to select temperature, pressure and process time,

¢ market competition - the need to demonstrate the advantages of the new technology to

traditional waste recycling technology,

e public acceptance - overcoming the public's concerns about the potential environmental
effects and health risks associated with waste treatment and the use of materials made

from waste.

The use of a new product, which allows the partial elimination of traditional, more expensive raw
materials, is for the footwear and plastics processing market. It is not possible at present to
determine the economic justification for the introduction of this product or its approximate cost. In
the course of the work carried out in the project, attempts to make usable components from raw
materials with the addition of waste, carried out at the companies: SPOIWO-Radom (rubber
elements with the addition of rubber dust, leather and mixed, textile-rubber), Ren-But - Ztotoryja
(textile shoes with soles made of plasticised PVC, TR and TPR) MARGARET - Staszow (textile
shoes with soles made of plasticised PVC, TR and TPR soles) EMABO - Sepno (plastic
components for fences, benches, base plates with the addition of waste PU, TR, PPR rubber
soles, textile/leather tops) showed that it is possible to convert 10 - 25% of waste materials into

raw materials for production.

The completed research work may contribute to solving some of the challenges associated with
the processing of post-consumer footwear, such as process efficiency, product quality and

operational reliability, among others, and the growing demand for sustainable solutions that fit
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into a closed-loop economy model may contribute to the implementation of the proposed
technology in the waste recycling industry. The manufacture of the new product developed in the
project is a multi-stage process, involving segregation, separation, shredding and moulding of the
product, processes that require energy. On the other hand, the product developed in the project
uses waste from the use of footwear as a raw material. Thus, the amount of waste polluting the
environment is reduced. Estimates made during the project showed that grinding waste requires
around 0.25 kWh per kg of shredded footwear, and its preparation for grinding is around 0.1 man-
hours per kg. With the current price of shoe soles at around 3€ - 8€ per kg of soles, the use of
waste from ground post-consumer footwear is economically justified. Thus, the use of part of the
waste reduces the expenses of the shoe company and influences the economic conditions of the

product developed in the project.

Commercialisation of the project is possible if the problem of post-consumer footwear collection
and segregation is solved. EU legislation, specifically Directive 2018/851 of the European
Parliament and of the Council (EU) of 30 May 2018 amending Directive 2008/98/EC on waste,

requires the separation of another waste fraction - textiles - from the beginning of 2025.

6 Necessity and adequacy of work performed.

6.1 Necessity and adequacy of work performed

The funds were used in an appropriate and economical manner to carry out the planned work
packages. All tasks of the work packages were fully accomplished, and personnel was
deployed as planned. The objectives of the project were achieved, and the work and activities

carried out were important and necessary.

The handling of the question requires a multidisciplinary approach, which was optimally

covered and worked on by the two research centers.
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