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The shells of molluscs are a common by-product of the aquaculture industry, and their management represents a
significant environmental challenge. Although mollusc farming is considered a low-impact food production,
improper shell management could make bivalve farming less environmentally efficient. To address this issue,
research is exploring new approaches to reduce waste accumulation and convert shell waste into a valuable
resource. The shells of bivalves are functional materials from biological waste, composed mainly of CaCOs, and
can be used as secondary raw materials in various applications. In order to meet the demanding environmental
target, the road sector is increasing the use of recycled materials in new construction or maintenance of old ones.
The present work illustrates the results of several laboratory tests carried out to determine the physical and
chemical properties of three different crushed bivalve shells waste for the application as filler in asphalt con-
cretes. The present study highlighted the similarity of these materials with the limestone filler since no significant
discrepancy between the mechanical (or technical) performance of the biofiller and the traditional limestone

filler are detected through the test carried out, promoting their use in new asphalt concrete mixtures.

1. Introduction

Mussel shells have a mineralogical composition characterized by
about 95 percent by mass of calcium carbonate usually in the crystal-
lographic form of calcite or aragonite (Currey, 1999). Because of this
peculiarity, they have been studied for several years for use as a sec-
ondary raw material (Morris et al., 2019). This approach allows avoid-
ing large quantities of shells, approximately 13 million tons produced
annually by bivalve mollusk aquaculture, from ending up in landfills,
instead favoring a virtuous cycle that complies with European directives
on waste management (Regulation, 2009; Jovi¢ et al., 2019). These di-
rectives promote the adoption of recycling and reuse practices for raw
materials, rather than their disposal in landfills or incineration.

In 2021, in the EU Member States, 552,669 tons of bivalves and other
aquatic mollusks and invertebrates were farmed (The EU fish market, ).
Since oysters, mussels, and clams accounted for over 99% of the volume
and value of the total aquaculture production of this group of products in
the EU, it was considered to focus this study on the valorization of these
three types of bivalve shells.

One of the main problems of bivalve farming is related to the ratio
between product and edible portion and the amount of waste produced;
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for every kilogram of fresh bivalve product, a percentage ranging from
65 to 90% is represented by their shells (Cala et al., 2023; The State of
World Fisheries, 2022).

The disposal of shells poses significant challenges for those involved
in the shellfish industry, impacting both practical and economic aspects
(Seesanong et al., 2022; Azra et al., 2021). Huge amounts of bivalve shell
waste are often landfilled or dumped into the sea, causing ecological
impacts due to organic debris attached to the shells and anoxia of the
seabed (Summa et al., 2022). To cope with this crucial situation, alter-
native approaches for recycling bivalve shells are currently investigated
(Diokhane et al., 2022; Sakr et al., 2022). In fact, mussel shells, managed
as by-products of animal origin, have found applications as a dietary
supplement for poultry farming and as agricultural applications (Catli
et al., 2012; Oso et al., 2011; Osorio-Lopez et al., 2014; Directive 2008,
2008). In recent years, research has been directed towards experimental
uses such as those related to design or the creation of artificial reefs for
marine habitat restoration (Mathews et al., 2023; Yoris-Nobile et al.,
2023; Corbau et al., 2023).

Regarding the use of shells as a secondary raw material within
construction materials, shells have been studied for about 20 years
(Eziefula et al., 2018). Since many building materials are subject to strict
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regulations to ensure performance and safety, as indicated in EU
Regulation No. 305/2011, it is necessary to pay attention to permitted
uses (Regulation, 2011). Much research has been conducted on the
integration of shells into cementitious materials to minimize excessive
dependence on natural resources (Tayeh et al., 2019; Martinez-Garcia
et al.,, 2017). The shells used do not exclusively come from bivalve
mollusks but also from gastropod mollusks, although in the latter case,
the quantity of waste available is lower (Shetty et al., 2023).

Still, a limited number of studies have investigated the use of bivalve
shells in asphalt concrete as coarse aggregates or filler (Cevrim and
Iskender, 2022; Alharthai et al., 2021). Some of them have explored the
impact of utilizing waste seashells as modified materials in asphalt
concrete pavement (Fan et al., 2022; Wu et al., 2022). In the literature
few studies investigated the use of seashells as biofiller in asphalt con-
crete mixture analysing the effect on asphalt-aggregate interfaces based
on thermodynamic properties (Lv et al., 2021; Guo et al., 2021).

Fillers in asphalt concrete (AC) represent the finest particles of the
lithic skeleton of the mixture. Thanks to its powdery composition, filler
confers specific properties to bituminous and non-bituminous mixtures
(Targino Bezerra et al., 2011). Filler exhibits a grading curve wherein
over 75% of the particles passes through the 0.063 mm sieve (BSI
Standards Publication Aggregates for, 2013). It can deeply affect the
properties of asphalt concrete such as strength, air voids content, ther-
mal susceptibility, and plasticity (Antunes et al., 2017; Lagos-Varas
etal., 2020). In general, the mineral filler in asphalt mixture should fulfil
certain requisites, including adequate coating ability, inability to
chemically react with binding agents and certainty of good adhesiveness
with the binding agent (Arabani et al., 2015). Furthermore, mineral
filler is mixed with asphalt and forms a mastic that contributes to the
rutting and cracking properties of ACs (Tiwari et al., 2023; Choudhary
et al., 2021). These properties are generally common for traditional
fillers such as calcium carbonate powder, limestone filler, and Portland
cement (Ayunaning et al., 2022). With the development of the concept
of environmental sustainability and the increasing awareness about the
responsible use of natural resources and recycling waste materials, over
the past 25 years, numerous researches have been undertaken to sub-
stitute natural components of asphalt mixtures with waste and bio-waste
products (Sangiorgi et al., 2016; Modupe et al., 2021; De Pascale et al.,
2023). This study intends to investigate and evaluate the possible
replacement of mineral filler in asphalt concrete mixtures with crushed
waste bivalve shells. Precisely crushed mussels, oyster and clam shells
bio fillers are included in the study. In order to be used as filler, the
bivalve shells underwent a pre-treatment aimed at removing impurities
and organic materials, and a mechanical treatment for obtaining the
proper size of the particles typical of a filler material. All the tests un-
dertaken followed the European standard EN 13043, which establishes
the properties of aggregates and filler being used in asphalt concrete
mixtures.
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2. Materials and methods
2.1. Materials

The aim of the present research is to evaluate the feasibility of three
different waste coming from the shells of bivalves to be used in the
production of bituminous mixtures as bio fillers. The waste shells are
collected from aquaculture farms situated in Italy, specifically in La
Spezia for mussels and oyster, and in Goro for clams. The bivalve wastes
are transformed, in laboratory, into powdery materials and are reported
in Fig. 1.

The three bio fillers derived from the crushing and milling of waste
bivalve shells come from oyster shells, clam shells and mussel shells.
Before being transformed into powdery material, the waste shells need
to undergo some pre-treatment in order to remove the impurities and
organic residues. The pre-treatment process encompassed two main
steps: the first step involved a manual cleaning of the shells and a sub-
sequent period of 1 h in oven a 400 °C to remove the remaining organic
compounds. Then the second step concerns the crushing and milling of
the bivalve shells into the final materials with the desired size distri-
bution using two different mills.

Bivalve shells are mainly composed of calcium carbonate (CaCOs),
which correspond to the composition of the traditional limestone filler
used in Italy to produce asphalt concretes. The limestone filler comes
from Ancona, Italy and is commonly employed in the production of hot
mix asphalt. Different tests were carried out in order to verify the
properties of the biofillers and their possible compatibility with
bitumen. To develop the test on bituminous mastics, a traditional 50/70
pen bitumen is used and the rheological properties are reported below in
Table 1.

2.2. Test methods

Based on the reference standard for bituminous materials (EN
13034), an experimental program was organized to investigate the
chemical and physical properties of the filler, considering the following
laboratory tests:

e Size distribution (EN 13043);
e Determination of the organic material (ASTM D2974);
e Water content (EN 1097-5);

Table 1

Rheological properties of neat bitumen.
Test Unit Value Standard
Penetration 25 °C dmm 53 EN 1426
Softening point °C 50 EN 1427
Dynamic viscosity 60 °C Pas 327 EN 13702

Fig. 1. Oyster biofiller, clam biofiller, mussel biofiller.
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e Particle density (EN 1097-7);

e Voids of dry compacted filler (EN 1097-4);

e Variation in “Ring and Ball” temperature (EN 13179-1);
e Harmful fine (EN 933-9);

e Water solubility (EN 1744-1);

e Determination of carbonate content (EN 196-2).

The experimental program encompassed some of the traditional tests
used to assess the properties of filler used in bituminous mixtures. These
tests are considered, by the literature, as essential to investigate and
describe the qualitative properties of fillers (Sangiorgi et al., 2017; Russo
et al., 2022).

3. Results and discussions
3.1. Geometrical and physical characteristics

3.1.1. Size distribution

In Table 2 the passing percentage at sieve 63 pm is reported. With
these percentages, the size distribution of the filler is presented, and it is
in compliance with the standard EN 13043, following a standard sieving
procedure. The three biofillers are named Biofiller M for the material
produced by mussel shells, Biofiller O for the one produced by the oyster
shells and Biofiller C for the filler produced by the clam shells.

Based on the European standard, the filler used in asphalt mixtures
must have 70% of particles pass through a 63 pm sieve. Each of the
tested biofillers meets the requirements of the standards. As confirmed
by various studies, particles size and their shapes significantly influence
the mechanical properties of the mastic, particularly in this case, some
difference in the particle dimension is detected if compared with the
traditional limestone filler but still in compliance with the technical
standard (Topini et al., 2018).

3.1.2. Determination of the organic material

This test covers the measurement of organic material present in the
biofillers. The bivalves’ shells were pre-treated in order to remove the
majority of the impurities before being transformed and crushed into the
final bio fillers. The organic content is then tested to assess how much of
organic compound is still present and how effective the pre-treatment
process was. The organic material is determined by igniting the oven-
dried specimens in a furnace at 440 °C, in compliance with the ASTM
D2974 standard. The results presented here (Table 3) are average values
obtained from three repetitions for each filler.

From the current results it can observed that the pre-treatment
process almost completely eliminated all the organic compound pre-
sent on the shell and the three bio fillers have an organic content nearly
equal to zero and in line with the results obtained for the limestone one.

3.1.3. Water content

Moisture may originate from either the particle surfaces or the
available pores within the powdery material. The total mass of free
water within the three biofillers is tested trough the ventilated oven
method drying test in accordance with the European standard EN 1097-
5.

The water content of the filler is determined by calculating the
variance between the humid mass (or initial mass) and its dried mass,
expressed as a percentage of the dried mass. Actually, this dried mass

Table 2

Material passing at sieve 63 pm.
EN 13043 P63 [%]
Limestone Filler 94.2
Biofiller M 80.3
Biofiller O 82.2

Biofiller C 79.4
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Table 3

Percentage of organic materials.
ASTM D2974 Op, [%]
Limestone Filler 0.00
Biofiller M 0.45
Biofiller O 0.70
Biofiller C 0.24

represents the constant weight of the test specimen after undergoing
oven drying. Table 4 shows the results obtained for each biofiller.

The water content of Biofiller M, Biofiller O and Biofiller C are totally
comparable to the value obtained for the limestone filler.

3.1.4. Particle density

The particles densities of the biofillers were calculated using a pyc-
nometer. The test sample was prepared with a minimum mass of 50 g,
following EN 932-2 standard, and subjected to drying at 110 °C until a
stable weight was reached. The dried fillers were sieved through the
0.125 mm mesh and the sieved fraction evaluated. In Table 5 are re-
ported the particle densities of the three biofillers.

The density value of the three recycled fillers are nearly equivalent to
the density of the limestone filler, as shown by the results. The slightly
difference between each material are mainly due to the small difference
in terms of chemical composition of each filler. The bivalve shells are
mainly composed of calcium carbonate and a smaller percentage is
represented by calcium phosphate and conchiolin, a specific protein
produced by the mollusc.

3.1.5. Voids of dry compacted filler

Rigden voids, also known as intergranular porosity refer to the air-
filled space within the material, expressed as a percentage of total vol-
ume of the filler. The test can be applied to natural, artificial or recycled
filler and it consists of compacting the filler through a normalized
method.

The percentage of intergranular voids is determined from the initial
weight of the specimen, the density and the weight of the specimen
compacted after a specific number of strokes. Through the Rigden de-
vice, the intergranular voids are determined mechanically. This prop-
erty of the fillers plays a crucial role in shaping the physical and
mechanical performances of the bituminous mixture, impacting the
stability of the bitumen (Jyothi et al., 2018). Table 6 reports the Rigden
voids percentage of each biofiller.

The current results provide insights into the potential quantity of
bitumen that biofillers can adsorb and the stiffening capacity these
materials impart on the bituminous mastic. This test facilitates the
determination of the remaining amount of bitumen, specifically refer-
ring to the bitumen that does not get adsorbed by the voids in the par-
ticles. This serves as a crucial indicator that helps in the assessment of
the rheological behaviour of the mixture. It has emerged from different
studies that a low value of filler porosity implies a lower rigidity of the
mastic due to the fact that the filler particles are not anymore in close
contact (Ruiz et al., 2020; Sangiorgi et al., 2014).

While the results reported in Table 6 may differ somewhat from those
of the limestone filler, the values are in accordance with the European
standard EN 13043, that restricts the suggested Rigden Voids values for
fillers suitable for bituminous materials in the range 28-55%.

Table 4
Water content (EN 1097-5).
EN 1097-5 Initial Mass [g] Dried Mass [g] Water content [%]
Limestone Filler 53.83 53.72 0.20
Biofiller M 201.9 201.81 0.33
Biofiller O 199.15 199.08 0.31
Biofiller C 202.9 202.85 0.27
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Table 5
Particle density (EN 1097-7).
EN 1097-7 Particle Density [Mg/m®]
Limestone Filler 2.70
Biofiller M 2.68
Biofiller O 2.63
Biofiller C 2.64
Table 6
Rigden voids (EN 1097-4).
EN 1097-4 Weight of Density of Height of Rigden
compacted filler filler [Mg/ compacted filler Voids [%]
[g] m?] [mm]
Limestone 9.95 2.70 12.37 41.00
Filler
Biofiller M 9.68 2.68 10.83 33.26
Biofiller O 9.51 2.63 11.17 35.14
Biofiller C 9.59 2.64 11.17 34.84

3.1.6. Variation in “Ring and Ball” temperature

The EN 13179-1 standard proposes various tests to evaluate the
interaction between the bitumen and the filler. The change of the tem-
perature of the bitumen is determined using the “Ring and Ball” method
after incorporating the fillers and creating the mastic. The proportions,
in volume, for creating the mastic are:

e 61.2% of limestone filler and 38.8 of bitumen;
e 60.6% of Biofiller O and 39.4% of bitumen;
e 61.1% of Biofiller M and 38.9% of bitumen,;
e 60.7% of Biofiller C and 39.3% of bitumen.

Only filler with particle of less than 125 pm can be used for creating
the mastic. The test involves the evaluation of the average temperature
at which the two samples, with and without the addition of filler, soften.
A steel sphere is place on top of the samples, and at the softening point it
touches a metal plate underneath at a standardized distance of 25 (+0.4)
mm. Through the calculation of the difference between the two average
temperature the Ring and Ball delta is known.

The rheological characteristics of bituminous mastic can be signifi-
cantly influenced by the physical properties of the biofillers used.
Additionally, the compatibility between the filler and bitumen at a
chemical level is another aspect that affects the overall properties of the
mastic (Sholichin and Ayunaning, 2019).

The results shown in Table 7 report value from 2 to 5 °C higher than
the variation of temperature detected for limestone filler.

As stipulated in EN 13043 for conventional fillers, the Ring and Ball
delta should fall between 8 and 16 °C. Additionally, certain studies
emphasized that the bituminous mixture performances are improved
when a delta Ring and Ball is between 12 and 16 °C (Bamigboye et al.,
2021; Nciri et al., 2018).

Table 7
Variation in Ring and Ball temperature (EN 13179-1).
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3.2. Chemical composition

3.2.1. Harmful fine particles (Methylene Blue Test)

In the EN 933-9 Standard is described the Methylene Blue Test
method that consist in adding a drop of methylene blue of 10 g/L of
concentration at regular intervals to a solution of filler and water. The
water with filler suspension is inspected each time a drop of methylene
blue is added, and the stain and halo produced on a filter paper is
evaluated. The aim of the test is to assess the presence of fine particles
within the filler, usually composed by hydrated aluminosilicate clay
mineral. The fine fraction is absorbed by the methylene blue in an
aqueous solution, facilitated by its surface charge and cationic capacity.
The absorption of methylene blue solution increases proportionally with
the amount of fine particles present in the biofillers. The presence of
these particles can reduce the filler-bitumen compatibility The methy-
lene blue values are reported in Table 8.

These results are similar for the three bio fillers and in line with the
value founded for the limestone one.

3.2.2. Water solubility

In accordance with EN 1744-1 Standard, the water solubility of the
filler test sample is determined by extracting the dried filler with a
predetermined volume of water equivalent to fifty times the mass of the
filler itself. The three biofillers are free of any added calcium hydroxide,
so based on the standard, the water solubility can be tested with the
standardized procedure. Two repetitions are performed for each filler. A
glass bottle is used and filled with the fixed quantity of dried material
and distilled water. The bottle with the solution is carefully sealed
avoiding the contamination with other materials and placed on a me-
chanical shaking device which mixes and rollers the specimen for 24 h to
avoid the sedimentation of the bio filler. After mixing, with a funnel and
a filter paper all the liquid is filtered and then placed in an oven until the
solid residue is dried and reaches a constant weight. The results of the
Water solubility test are reported below in Table 9.

EN 13043 suggests that the water solubility value for filler to be used
in asphalt mixture should remain below 10%. Even if the value obtained
for the three biofiller are much higher respect to the limestone one, the
results still comply with the limit suggested by the European Standard.

3.2.3. Determination of carbonate content

Following EN 196-2 Standard, the determination of carbonate con-
tent was evaluated with a Dietrich Fruhling calcimeter. Two samples for
each biofillers were tested. The specimens are placed in a glass
container, in which a test tube containing about 2/3 of hydrochloric acid
(HCI) and 1/3 of water is carefully added in it. The HCl and H3O solution
is then poured inside the glass container and shaken to start the reaction
with the filler. The CO, developed by the reaction moves the water
column of the device and then the stabilized height of the water can be
assessed. Based on the quantity of CO, that is produced it is possible to
detect the amount of CaCOj3 inside the tested bio filler. Two samples,
each weighing 10 g, were examined for each material and Table 10 re-
ports the results of the carbonate content of each bio fillers.

From the determination of carbonate content is it possible to state
that Biofiller O contains a high percentage of carbonate content, almost
equal to that of pure calcium carbonate. The calcimetry test, however

Table 8
Methylene blue test value (EN 933-9).

EN 13179-1 Softening T° Softening T° bitumen  Variation Ring and EN 933-9 Mass of the Methylene blue Methylene blue value [g
bitumen [°C] + filler [°C] Ball T° [°C] sample [g] added [mL] MB/kg Filler]
Limestone 47.5 59.5 8.0 Limestone 30 10 3.3
Filler Filler
Biofiller M 49.9 62.8 13.0 Biofiller M 30 12 4
Biofiller O 49.4 63.3 13.9 Biofiller O 30 9 3
Biofiller C 49.4 59.7 10.3 Biofiller C 30 9 3
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Table 9
Water solubility (EN 1744-1).
EN 1744-1 Mass filler before Mass filler after Water
extraction [g] extraction [g] Solubility [%]
Limestone 5.02 5.00 0.50
Filler
Biofiller M 5.02 4.58 8.77
Biofiller O 5.02 4.80 4.48
Biofiller C 5.01 4.66 7.08

Table 10
Calcium carbonate content.

EN 196-2 CaCOs3 [%]
Limestone Filler 98.0
Biofiller M 90.3
Biofiller O 98.3
Biofiller C 94.8

cannot identify the mineral form in which the calcium carbonate is
present and which are the others constituents of the biofillers. It is worth
noting that this test is not mentioned in the EN 13034 Standard. How-
ever, considering the well-known chemical compatibility of calcium
carbonate with bitumen, this method can be regarded as an indirect
indicator of the possible affinity of the tested biofillers with bituminous
binders.

In summary, the size distribution of fillers in asphalt concrete can be
tailored through specific mechanical processes, offering flexibility in
achieving desired grading sizes. Previsous studies examining various
filler materials consistently report low water content values, typically
below 1.5%, highlighting the importance of moisture control in asphalt
mixtures (Moustafa et al., 2017; Choudhary et al., 2022). The compli-
ance of all biofillers with standard ranges, particularly Biofiller O and
Biofiller M aligning with prior research, underscores their potential
suitability for asphalt applications. The high water solubility associated
with these biomaterials is attributed to their natural composition.
Exploring novel materials and methodologies in asphalt concrete
research is crucial for optimizing performance and sustainability.

4. Conclusions

The results of the tests carried out in the experimental program
following the EN 13043 are discussed and commented in the present
paragraph.

The European standard sets the condition and characteristics of
traditional fillers to be used in asphalt concrete but does not underline
any constrains and restriction for recycled and artificial fillers. None-
theless, the limit imposed by the European standard does not exclude the
possibility of using the tested fillers, but they just give ranges for
obtaining a proper asphalt concrete mixture. It is worth mentioning that
even if the fillers are in line with the requirement stated in the standard,
their use in bituminous mixture needs to be further and properly
investigated. Only after a fulfilling investigation, it is possible to assess
how the bio fillers interacts with the other components to ensure that the
final material meets the performance criteria specified by technical
standards.

Globally the following conclusions can be drawn based on the
experimental results obtained:

o The biofillers analysed has geometric characteristics in line with the
European standard EN 13043 in terms of maximum size dimensions.
Since the size and shape affect the mechanical properties of bitu-
minous mixture, a particle shape investigation through SEM could be
relevant in order to examine the influence of the particles in the final
behaviour of the asphalt concrete (Sangiorgi et al., 2014).
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e The results of the water content of the three materials are compa-
rable with the traditional filler. The water content is strictly associ-
ated with the exposure to a humid environment mainly during
storage. In asphalt plant production it is recommend to have hu-
midity under control in order to ensure a correct mixing process.

e The Rigden voids are in line with the lower limit indicated in the
European standard, and lower if compared to the limestone filler.
Thus, in the mix design of a hypothetic asphalt concrete, the opti-
mum bitumen content is supposed to be properly studied in case of
total substitution on limestone filler with the tested biofillers,
considering their absorption properties.

e From the Delta Ring and Ball test, a slightly difference is detected

between the results of the three biofillers. Therefore, the innovative

materials can be classified in the same range, and a similar rheo-
logical behaviour is expected.

For every biofiller the water solubility is higher than the traditional

limestone filler, but still within the limit suggested in the EN 13043.

These results are certainly connected to their chemical composition

that even if composed manly by CaCOs, is constituted of small traces

of different materials.

e High quantities of calcium carbonate for each bio fillers have been
detected, as expected. Considering the renown affinity of CaCO3 with
bitumen, these results are promising for future applications of the
experimental biofillers within bituminous mixtures. However, to
obtain more specific results in terms of chemical characteristics a
deeper investigation with Energy-dispersive X-ray Spectroscopy is
suggested.

The laboratory investigation has highlighted that the physical,
chemical and mechanical properties of the bio fillers are comparable to
those verified for the limestone one. The tests suggest that the nature of
the bio fillers slightly influences their characteristics.

4.1. Prospects for future research

Future studies will identify which properties of the filler directly
impact the performance of the final asphalt mixture. In terms of me-
chanical characterization, the next phase in the research is planned to
focus on the characterization of bituminous mastics and asphalt con-
cretes produced with the tested biofillers in total or partial substitution
of the limestone filler.

Since this study has demonstrated that transformed shells can be
effectively used as fillers for bituminous mixtures, the next step will be
to analyse their use through an integration of Life Cycle Assessment
(LCA) and Life Cycle Cost (LCC) analysis to assess environmental im-
pacts and potential economic benefits.

The LCA analysis will allow comparing the environmental impacts of
using shells versus traditional limestone fillers. Furthermore, research
conducted in Brazil suggests a maximum distance of 323 km between the
shell collection site and the processing plant to achieve overall envi-
ronmental benefits (Alonso et al., 2021). Based on this finding, a study
on a real-scale application of the reuse, taking into account the distances
between mollusc farms and a processing facility will be implemented.

Additionally, a critical point during the LCA analysis could be related
to the use of high temperatures to treat the shells. Future studies could
evaluate the effectiveness of shell fillers without preliminary thermal
treatment, analysing their technical and environmental performances.

Integrating LCA and LCC analyses will provide a comprehensive view
of shell utilization as fillers, allowing for an in-depth assessment of ad-
vantages and disadvantages from both environmental and economic
perspectives, aiming to establish a solid basis for the reuse of raw ma-
terials in a circular economy framework.
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