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Abstract. According to the European Waste Codes 19.12.08, fibers derived from
end-of-life tires (ELT) are classifies as a special waste to be sent to landfill or
incineration with energy recovery. However, these activities would pose addi-
tional risks including soil pollution, and groundwater contamination. A change
in the current ELT waste management practices is needed to reduce the environ-
mental impacts. The aim of this paper is to present and investigate the technical
and environmental feasibility of a circular economy path for ELT fibers. Several
PP-based compounds have been manufactured and tested to verify the possibil-
ity of reusing ELT fibers in such an application. Then a Life Cycle Assessment
(LCA) study has been carried out to compare the proposed reuse scenario with
the two standard scenarios for ELT fibers. Reuse scenario leads to environmental
savings for several impact categories, even if for some indicators the incineration
is preferrable due to the additional resources and energy required needed to treat
the dirty ELT fibers before reuse.
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1 Introduction

Modern urbanization during the last years has contributed to increase the vehicle demand.
Consequently, the annual tire demand was increased, with about 1500 million tires
manufactured globally and about 1000 million tires that reach their end of life (EoL)
each year [1, 2]. In this context, in Europe, about 320.000 tons of dirty fibrous material
must be disposed as special waste. This produces negative impacts on the environment,
in terms of green-house gases (GHG) emissions, economic losses and public costs.
Nowadays, several studies and solutions have been implemented to address the ELT
issue: reuse (5-23%), recycling (3—15%), landfilling (20-30%), and recovery (25-60%)
[3]. Unfortunately, about 50% of used tires still end up in landfills or are discarded as
untreated waste, and insufficiently valued [4].
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Generally, three main materials are produced from ELT: rubber, steel wires and
textile fibers [5]. Rubber granule is the main material derived from the treatment process
of ELT. Such material is then used as a basis in manufacturing new materials, such as
different kinds of tires, plastic parts, concrete, asphalt, etc. [6]. Separated steel wires
are generally used by steel producers for the manufacturing of new virgin steel [7]. The
ELT fibers, instead, are currently classified as a unique waste according to the European
Waste Code 19.12.08, thus they have to be burnt and/or buried [8].

In scientific literature, different uses for these fibers have been considered. In par-
ticular, it is possible to find applications as reinforcements in cementitious composites
[9], or as indicated in Mucsi et al. [10] they are used to reinforce the soil. In recent
years, researchers have tried to reuse these wastes and prevent them from being burnt
or buried. In general, various types of fibers, both natural and synthetic, can be used as
reinforcements. Examples of natural fibers used as reinforcements are coir [11], bagasse
[12], sisal [13], jute [14] and palm [15]. Although natural fibers are normally cheaper
and more sustainable than synthetic fibers, they are less durable, and synthetic fibers,
specifically those composed of polymeric substances, are highly resilient as exposed to
the natural environment. Synthetic fibers are widely used as reinforcement of polyethy-
lene, polypropylene polyester, carbon, glass, and steel [16, 17]. The recycling and reuse
of polypropylene (PP) have been investigated in several literature studies. It is possible
to increase the properties of waste PP by adding fibers [18].

The ELT fibers mainly consist of a blend of polyester, rayon and nylon fibers, these
materials have yielded positive results in different industrial applications. This study
proposes a valorization strategy for ELT fibers by adopting a circular economy approach.
More specifically, the paper aims to demonstrate that is possible to reuse the ELT fibers
to produce new PP-based compounds with superior technical features and an improved
environmental sustainability. A comparative Life Cycle Assessment (LCA) evaluation
has been performed to finally verify the positive influence of the proposed circular
economy.

The paper is structured as follows. Section 2 illustrates the reinforced PP-based
compound properties. Section 3 presents the case study and the first two step of the
LCA study and Sect. 4 shows and discusses the LCA results. Finally, Sect. 5 reports
conclusions and proposal for future developments.

2 Materials

To reduce the environmental impact of ELT fibers this paper studies and compares dif-
ferent second life applications. Three EoL scenarios have been considered: landfill (#1),
incineration with energy recovery (#2), and reuse in plastic compounds (#3). The first two
options are standard scenarios, currently used in the waste management chain. Instead,
the last option, is the proposed innovative applications for the ELT fibers. ELT fibers
generally include Nylon 6,6, Nylon 6, Dacron and Rayon, with fibers of approximately
3— 8 mm in length and 30-50 w in diameter [3]. Such fibers were used to prepare a
PP-based compound with ELT fibers content in the range 0 — 45%. A DSM Micro com-
pounder 15 cc, twin screw with co-rotating screws has been used to create the material
samples.
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Different types of blends have been obtained, by suitably mixing master and post-
consumer PP. The percentages have been identified in steps of 5% increase from 0%
to 20%, then it is passed to 30% and 45% by weight of fibers. For understanding the
benefit of the ELT fiber in the plastic compound, tensile and compression tests have
been carried out. Tensile tests were performed using the Lloyd LR30k dynamometer
equipped with a 30 kN load cell. The test was conducted at a deformation rate equal to
5 mm/min. Young module and yield stress decrease as the percentage of fiber increases.
However, the total deformation is reduced, with an increase of the material stiffness. As
regards the mechanical impact characterization, the Izod methodology was used. The
UNI ENISO 180 standard provide a boundary condition of the test. For the impacta 1,2 J
sledgehammer has been used. The ELT fibers do not produce a significative difference in
the impact values. The energy values are independent from the percentage of fiber. For
understanding the behavior of different fiber percentage in the plastic compound, Fig. 1
shows a sample test morphology after impact tests. There is a reduction of fractured
surface as the percentage of fiber increases. The increase of fiber percentage reduces the
fracture surface and two distinct parts are not obtained at the end of test. This last result
suggests that the actual energy required to generate the same fracture surface increases
as the amount of fiber increases.

PP_320F PR4SF

Fig. 1. Sample test morphology after impact tests

The presence of the ELT fibers in plastic compounds, reduces tensile strength but
improves impact resistance. The increase of impact resistance is directly proportional to
the percentage of the fiber. The new plastic compound can be used for pallets, storage
bins, etc., and in general products that have to resist at impacts. In the following LCA
study, a plastic compound with 45% of ELT fiber (PP- F45%) was considered.

3 Methods

The LCA methodology (ISO 14040-14044) has been used in this study by following
the, four phases: (i) Goal and scope definition, (ii) Life cycle inventory (LCI), (iii) Life
cycle impact assessment (LCIA), and (iv) Results interpretation.
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3.1 Goal and Functional Unit

The goal of this study is to calculate the environmental impacts related to the EoL
management of the textile fibers obtained from ELTs according to Life Cycle Assessment
methodology (ISO 14040-14044). The activity has been carried out in collaboration with
two Italian company: STECA S.p.a., an authorized recycler of ELTs, and TECNOFILM
S.p.a., a producer of plastic compounds. The functional unit is defined as “disposal of the
annual production of ELT fibers in STECA”. The reference flow is equal to the amount
of fibers that STECA manages to treat in a year, that is 1200 tones, with a pilot equipment
capacity of about 300 kg/h of ELT fibers processed.

3.2 System Boundary

The study is a “gate to gate” type, this means it refers only to a specific step of the
life cycle of fiber. All processes starting from the clean fibers in STECA company until
landfill, incineration or reuse in plastic compound. Therefore, the various transports
within these phases are also included. The system boundaries are summarized in the
following Fig. 2.

1500 kg/day 3150 kg/day 23 ton payload
# 1 j ’ 900 km

Transport in

{ Switzerland | Landfill

Dirty fibre | Fibre cleaning |

#2 1500 kg/day 3150 ke/day 23 ton payload
’ : 900 km

[ransport in
Fibre cleaning Incinerator
Dirty fibre 1 1 Switzerland 1 f Energy

-

Dty fibre

Fig. 2. Schematization of the system boundaries

While in the landfill and incineration scenarios the ELT fibers do not need further
processing, in the reuse scenario it is necessary to compact the ELT fiber for the successive
reuse. Though a hopper, the fiber is compacted into pellets to allow better transport and
storage and a dosage in the compound plastic production. The paraffinic wax allows
good lubrication and low temperature during the pelletizing phase [3].

3.3 LCI Definition

The set of inventory data used in this study for each scenario are shown in Table 1.
Primary and secondary data are included on the life cycle inventory.
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Table 1. Inventory data
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Scenario Input Quantity Unit

#1 Textile material 1700 [ton/year]
Clean fiber 1200 [ton/year]
Electricity of cleaning machine 29 [MWh/year]
Euro 5 trucks load 23 [ton/travel]
Distance 900 [km]

#2 Textile material 1700 [ton/year]
Clean fiber 1200 [ton/year]
Electricity of cleaning machine 29 [MWh/year
Euro 5 trucks load 23 [ton/travel]
Distance 900 [km]

#3 Textile material 1700 [ton/year]
Clean fibers 1200 [ton/year]
Electricity of cleaning machine 29 [MWh/year]
Electricity of compaction machine 229 [MWh/year]
Paraffinic wax for pellets production 0.15 [kg wax/kg fiber]
PP fibers for big bag production 340 [ke]
Euro 5 trucks load 23 [ton/travel]
Distance 50 [km]
Waste polypropylene 603.75 [ton/year]
Electricity for treatment of waste pp 169 [MWh/year]
Electricity for compound production 528.281 [MWh/year]

3.4 Cut-Off and Assumptions

A cut-off to all energy-consuming processes with an incidence lower than 1% of the
total electricity consumption has been applied. An approximate distance of 900 km is
assumed between the factory STECA and Switzerland for the incinerator. The big bags
are PP bags with a weight of 20 kg, that are used to carry both fibers in the natural state
and reduced into pellets. A reduction of 2,5 times of volume compared to the fibers in

the natural state is obtained after the compaction and pelletization.

4 Results and Discussion

The third LCA step involves the measurement of the environmental impacts related to
each process and flow considered. The LCIA method used for the calculation of the
environmental impacts is the ReCiPe midpoint - Hierarchist (H) version — Europe. The
obtained results are summarized in Table 2.
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Table 2. Split of contributions of the life cycle impact assessment for each scenario and process

Scenario | Process Climate Fossil Freshwater | Ozone depl | Particulate | Terrestrial
change depl eutr [kg [kg PM10 | acid. [kg
[kg [kg oil [kg Peq] CFC-11eq] |eq] SO2 eq]
CO2-Eq.] |eq]
#1 Diesel 5,89E + 1,99E + | 2,85E—01 4,93E—-08 1,12E 4+ 01 | 3,97E +
03 04 01
Landfill 9,18E + 1,O7E+ | 1,29E+ 02 | —1,80E—06 |3,99E + 02 | 1,62E +
05 04 02
Transport 5,46E + | 0,00E + | 0,00E +00 |0,00E+ 00 |1,59E+ 01 |3,62E +
04 00 01
Electricity 1,30E + | 3,89E + | 6,24E-02 4,91E-07 6,05E + 00 | 2,03E +
04 03 01
TOT 991E + |345E+ 1,29E+02 | —1,26E-06 |4,32E + 02 | 2,58E +
05 04 02
#2 Electricity —2,07E+ | —4,65E | —9,47E—-01 | —5,17E—04 | —1,03E + | —3,21E +
generated 05 + 04 02 02
Heat gen —455E+ | —1,05E | —1,31E+01 | —2,47E—-06 | —6,90E + | —1,89E +
04 + 04 02 03
Diesel 5,89E + 1,99E 4+ | 2,85E—01 4,93E—-08 1,12E 4+ 01 | 3,97E +
03 04 01
Incineration | 2,74E + 2,95E + | 1,17E-01 5,05E—07 1,41E + 03 | 3,70E +
06 04 03
Transport 5,46E 4+ | 0,00E + | 0,00E 4+ 00 |0,00E +00 |1,59E + 01 | 3,62E +
04 00 01
Electricity 1,30E+ | 3,89E + | 6,24E—-02 491E—-07 6,05E + 00 | 2,03E +
04 03 01
TOT 2,56E + | —-3,84E | —1,35E + -5,18E-04 | 6,55E + 02 | 1,58E +
06 + 03 01 03
#3 PP —3,66E + | —3,34E | —5,66E + 00 | —5,80E—06 | —1,76E + | —5,57E +
production | 06 + 06 03 03
(av.)
Diesel 5,73E + 1,94E + | 2,78E—02 4,80E—09 1,09E + 00 | 3,86E +
02 03 00
PP fiber 545E+ | 4,33E+ | 8,95E—-03 5,49E—08 3,57E + 00 | 1,06E +
03 03 01
Wax paraffin | 6,38E + | 7,38E + | 1,74E—01 2,48E—07 5,31E+ 01 | 1,89E +
04 04 02
Transport 531E+4+ | 0,00E + | 0,00E 4+ 00 |0,00E +00 |1,55E+ 00 |3,53E +
03 00 00
Electricity 5,50E + 1,65E + | 2,64E 4+ 00 |2,08E—05 2,56E + 02 | 8,60E +
05 05 02
TOT -3,03E +  -3,09E | —2,81E + 1,53E-05 —1,45E + | —4,50E +
06 + 06 00 03 03
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Table 2 demonstrate that reusing ELT fibers in plastic compound is a feasible solution
that significantly reduces the environmental load related to textile fibers. Going into more
details, the reuse is the best scenario in terms of Climate Change, while incineration with
energy recovery scenario leads to very high impacts. The incineration process (burning
of plastic materials) produces toxic emissions in the air that strongly contributes to the
rise of the world temperature. Instead, the landfilling of plastic materials, does not cause
relevant emissions in the air, thus the influence on GWP impact category is quite limited.

Also considering the Fossil Depletion indicator, the situation is the same. The use
of fibrous material as reinforcement in plastic compounds allows avoiding production
of virgin PP, with considerable advantages in environmental terms. In the same way, in
the incineration scenario, the ELT fibers allows saving fossil fuels (coal, oil, gas, etc.)
commonly used for the generation of energy and/or heat. In the reuse scenario, most of
the impacts are related to the paraffinic wax (produced by using fossil resources), needed
to make the clean fibers reusable in the plastic compound.

Regarding impacts related to the Freshwater Eutrophication indicator, energy recov-
ery is the most environmentally friendly, while the plastic compound scenario is
penalized by the production of the wax paraffine needed to produce ELT fiber pellets.

As for Eutrophication indicator, also Ozone Depletion Potential is convenient in
the energy recovery scenario. Ozone Depletion has been defined as a relative measure
of the ozone depletion capacity of an ODS and uses CFC-11 (trichlorofluoromethane)
as a reference. So, this indicator is very high in landfills while less significative in the
paraffine production. This is due to the emissions of trichlorofluoromethane.

Fine Particulate Matter (PM10) represents a complex mixture of organic and inor-
ganic substances. PM10 causes health problems as it reaches the upper part of the airways
and lungs when inhaled. Landfill and electricity consumption are the main causes of high
levels of PM10. There is a drastic reduction, about 300% of PM 10 in cases of reusing
fibers in PP compounds.

Terrestrial Acidification is characterized by changes in soil chemical properties fol-
lowing the deposition of nutrients (namely, nitrogen and sulfur) in acidifying forms. The
terrestrial acidification mainly depends on the production/consumption of energy. As for
terrestrial acidification, the reuse of fibrous material produces a reduction of this impact
of about 300%.

5 Conclusions

This paper investigates a reuse scenarios of ELT fibers in plastic compounds (PP-based).
Firstly, the technical feasibility was evaluated to assure that the reuse path leads to a
material with acceptable properties, as well as to choose the best alternative (PP-based
compound with 45% fiber content in weight). Successively, such reuse scenario has been
compared from the environmental point of view with two other common dismantling
scenarios (landfill and incineration with energy recovery) by using the standard LCA
methodology. Results demonstrate that it is not possible to univocally identify the best
scenario, although reuse scenarios appear to be very promising: reuse scenario is the
best alternative in case of four considered impact categories (Climate Change, Fossil
Depletion, Particulate Matter Formation, Terrestrial Acidification), while incineration
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with energy recovery is preferrable in case of Freshwater Eutrophication and Ozone
Depletion. Landfill that is currently the most common EoL scenario for ELT fibers, due
to economic reasons, can be never considered the best option from the environmental
perspective. Future work should be focused on optimizing the LCA study (e.g. sensitivity
analysis), as well as to find improvement strategies for the most critical phases (e.g. use
of paraffine wax).
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