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This study investigates the valorization of two industrial waste streams - nitrile butadiene rubber (NBR) scraps
and electric arc furnace (EAF) slag — in the development of recycled NBR compounds filled with EAF slag as filler.
A new recycling method for NBR scraps is employed via calendering at room temperature without the need for
curatives, chemical agents, or pre-grinding. The resulting recycled NBR is then used as a matrix for EAF slag
particles to produce sustainable rubber compounds that are entirely recycled. Characterization reveals that
incorporating EAF slag enhances the devulcanization process of recycled NBR during recycling. The filler grain
size affects composite properties like hardness, crosslink density, and tensile modulus, with finer slag particles
(<50 pm) exhibiting improved reinforcement due to increased interaction surface with the rubber matrix. Dy-
namic mechanical analysis indicates that recycled NBR filled with EAF slag exhibits a more significant Payne
effect compared to unfilled recycled NBR, due to filler-matrix interactions. Interestingly, EAF slag facilitates the
rapid fractional recovery of the low-strain storage modulus after experiencing high-amplitude strain, ascribed to
the formation of a rigid rubber layer around the slag particles.

Overall, the findings highlight the potential to valorize these two waste materials effectively by producing
functional recycled NBR/EAF slag composites with desirable properties through a simple, industrially viable
recycling method without capital-intensive equipment. This represents both environmental and economic ben-
efits through waste valorization and industrial symbiosis.

1. Introduction

The recycling and reuse of industrial waste materials are of
increasing importance from both environmental and economic per-
spectives (Gobetti et al., 2024a, 2024b). Preserving resources and
recycling materials is essential for securing the sustainable utilization of
natural reserves, ensuring their availability for future generations, and
mitigating environmental footprints (Hummen and Sudheshwar, 2023;
Gobetti and Ramorino, 2020).

To achieve these goals, numerous research efforts have focused on
finding innovative ways to transform waste into valuable resources. This
circular economy approach gains even greater significance when the
valorization of one waste material is achieved by exploiting the unique
characteristics of another waste stream, exemplifying the principles of
industrial symbiosis. The present research is concerned with two sig-
nificant waste streams: the issue of recycling crosslinked elastomers and
the exploration of innovative applications for steelmaking waste,
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namely steel slag.

Recycling and reprocessing vulcanized elastomers like rubber com-
pounds present significant challenges due to their covalently crosslinked
network structure. After the vulcanization process, the material becomes
insoluble and cannot melt due to its crosslinked network, unlike ther-
moplastic polymers which can be readily melted and reshaped during
recycling through the application of heat (Gobetti and Ramorino, 2020;
Grause et al., 2011).

Rubber is a versatile polymer broadly used in products such as tires,
seals, hoses, belts, and many others due to its unique viscoelastic
properties. However, its production process poses significant environ-
mental challenges, as it generates a substantial amount of industrial
scrap material. These scraps derive not only from defective parts but are
also inherent to the production process. In many cases, the rubber
molding process requires subsequent deflashing to remove excess flash,
as well as the removal of sprue and runner systems from the mold. The
quantity of scrap produced can be around 20-30% of the total material
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processed. This significant amount of waste underscores the need for
effective recycling methods to reduce material waste from rubber
manufacturing operations. Unlike thermoplastic scrap, vulcanized rub-
ber scrap cannot be directly reintroduced into the production cycle due
to its crosslinked network structure, which is a result of the vulcaniza-
tion process. Consequently, recycling vulcanized elastomeric scrap re-
quires more complex processes, such as devulcanization or selective
breakdown of crosslinks to reprocess the material (Chittella et al., 2021).

The reuse and reclamation of rubber waste, encompassing both in-
dustrial and post-consumer scraps, have become pivotal aspects of waste
management strategies, particularly within industrial contexts (Chittella
et al., 2021). Conventional methods for the disposal of rubber waste
often involve practices such as open dumping, landfilling, incineration,
or pulverization into fine particles, with only a small fraction being
subjected to recycling or reuse (Chittella et al., 2021; Leong et al., 202.3;
Liu et al., 2020). The successful recycling of crosslinked elastomers, such
as vulcanized rubber, necessitates the cleavage of crosslinks without
causing detrimental effects to the polymer chains (Adhikari et al., 2019).
Various methods have been explored for managing rubber waste,
encompassing thermal, mechanical, physical, chemical, and biological
approaches, each with its own set of parameters and chemicals to
facilitate devulcanization while minimizing degradation (Chittella et al.,
2021). In the domain of mechanical recycling, numerous studies have
investigated devulcanization techniques employing different additives
and methodologies to enhance mechanical properties (Rooj et al., 2011;
Sabzekar et al., 2016; de Sousa et al., 2020).

On the other side, the EU steelmaking industry produced about 60
Mton of crude steel, of which 43,3% was derived from EAF (EUROFER
The European Steel association, 2023). Widening the perspective glob-
ally, it is estimated that steel production from EAF, i.e. from scrap in a
circular context, currently around 30%, will reach 53% by 2050 (The
15th Global Slag Conference, 2023). The steelmaking process using EAF
inevitably involves the production of black slag, which plays a pivotal
role in eliminating impurities from the molten steel. Alongside its pri-
mary function of absorbing deoxidation products and impurities from
the molten steel (Teo et al., 2014), slag production is unavoidable due to
the critical functions it performs in the production of high-quality steel.
However, given the large quantities produced (about 10-15% of the
steel produced), it is a by-product that must be recovered. This recovery
will become increasingly important from the perspective of a circular
steel economy that promotes the use of ferrous scrap as raw material in
the electric furnace process. EAF slag is widely used in the construction
industry as an artificial aggregate (Manso et al., 2004; Netinger Grubesa
et al., 2016; Aliyah et al., 2023) due to its chemical-physical similarities
to volcanic rock (Pisciotta, 2020). However, it is estimated that a sig-
nificant quantity is still disposed of in landfills. Therefore, exploring new
applications to further reduce landfill disposal is mandatory. In recent
years, the use of slag as a sustainable filler for different polymers has
been studied, with emphasis on rubber compounds showing promising
results (Gobetti et al.,, 2021a, 2021b, 2022, 2023a, 2023b, 2023c,
2024b, 2024c). Incorporating EAF slag into polymer matrices like
polypropylene, epoxy resin, nitrile-butadiene rubber (NBR), and recy-
cled rubber tires enhances the composites’ stiffness, albeit with a
reduction in toughness (Gobetti et al., 2021a, 2022). The addition of slag
as filler affects both static and dynamic behavior of nitrile-butadiene
rubber compounds, increasing their energy storage and dissipation ca-
pabilities (Gobetti et al., 2023b). Furthermore, slag can be a valuable
substitute for natural sand in epoxy resin (Gobetti et al., 2021b), calcium
carbonate (Gobetti et al., 2023a, 2024c), and even a partial replacement
for carbon black in NBR (Gobetti et al., 2024c). Additionally, composites
of geopolymeric steel slag particles exhibit low moisture absorption and
potential for sustainable applications such as ballistic vests, highlighting
the feasibility of reusing waste materials for environmental benefits
(Santos et al., 2020).

The present study simultaneously addresses the issue of recycling
two distinct industrial wastes: rubber scrap and EAF slags. The rubber
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waste considered in this study is NBR industrial scrap generated during
product manufacturing. NBR is a specialized synthetic rubber copolymer
known for its excellent resistance to oil, fuel, and heat. It is widely used
in automotive seals and roll coverings, as well as in the oil and gas
industries.

The NBR scrap is recycled via a calendering process, without the
addition of any curatives or chemical agents, neither heat. Furthermore,
no pre-treatment of the waste is required to obtain granules or chips.
This mechanical devulcanization approach significantly differs from
conventional thermal-mechanical or mechano-chemical recycling
methods, which typically involve specialized equipment, elevated tem-
peratures, devulcanizing additives, and grinding pre-treatments
(Dorigato et al., 2023). The proposed calendering technique relies
solely on the shear forces imparted during the calendering operation to
make the vulcanized rubber re-formable in a new shape. Notably, this
method does not require any specialized recycling machinery, as it
utilizes standard calenders commonly available in rubber processing
facilities. This enables manufacturers to valorize their own scrap ma-
terial without significant capital investment. Moreover, the avoidance of
rubber scrap grinding is a remarkable aspect concerning recent regula-
tions (EU regulation 2023/2055 (European Commission, 2023)) on
microplastics. These regulations have notably impacted the application
of end-of-life rubber tire granules, particularly their use as infills for
football fields. This study aims to investigate a novel approach for
recycling NBR scrap and subsequently use the resulting recycled NBR as
a matrix for EAF slag particles to produce functional composites.
Initially, the EAF slag was analyzed for its particle size distribution,
chemical composition, and mineralogical phases. The leaching charac-
teristics of various slag grain size ranges were also studied. This included
investigating the effect of EAF slag (10% v/v) as a filler, and assessing
different granulometric ranges (0-50 pm and 50-100 pm) with the same
filler volume fraction. The effects of EAF slag filler content and particle
size on the crosslink density were evaluated using Flory-Rehner equa-
tion (Flory et al., 1943). Additionally, the mechanical properties and
dynamic viscoelastic behavior of the recycled NBR compounds were
thoroughly characterized and discussed using the Kraus and Ulmer
prediction models (Ulmer, 1996; Kraus, 1984).

Based on the achieved results, it is evident that both industrial
wastes, have significant potential for exploitation. This not only offers
environmental benefits by reducing waste disposal but also provides
economic advantages.

2. Materials and methods
2.1. Materials

The studied EAF slag originates from an Italian steel plant and is
obtained by a method involving rapid cooling with high-pressure cold
air, resulting in the formation of spherical slag particles (Gao et al.,
2021).

The slag was then utilized as a filler after being ground with a blade
granulator at 500 rpm for about 10 min, starting from an initial grain
size lower than 1 cm to achieve a suitable grain size for the intended
application. The slag was subsequently sieved into four different grain
size ranges: 0-50 pm, 50-100 pm, 100-150 pm, and 150-300 pm in
order to evaluate the granulometric distribution at the end of the used
grinding process.

For the present study, two particle size ranges (0-50 pm and 50-100
pm) were selected, as particle sizes above 100 pm characterise a filler
that is highly degradative to the mechanical properties of elastomeric
compounds (Leblanc, 2002).

The recycled industrial NBR scrap, employed as the base material, is
a commercial NBR sourced from Novotema Spa in Villongo BG, Italy.
The composition is provided in Table 1.

The industrial rubber scrap was recycled through a calendering
process, using industrial scraps generated by injection molding at a
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Table 1
Composition of characterized NBR.

Ingredient phr

NBR 100
Carbon black 40
Plasticizers
ZnO

Stearic acid
Sulfur

L I

temperature of 170 °C. The calendering machine utilized in this process
was supplied by Gaoge-tech instrument. Throughout the calendering
procedure, the rubber undergoes multiple stages where the temperature
rises to 80 °C caused by the shear stresses generated by the rotating
cylinder, initiating softening and plasticization of the material. This
results in a sheet with a thickness of approximately 2-3 mm upon
completion of the calendering process, during which fillers can be
compounded with the rubber matrix. The recycling and compounding
process is illustrated in Fig. 1a. It is important to note that in the context
of this study, the term “room temperature” refers to a recycling process
that does not involve an external heat source. However, the high fric-
tional stresses generated during the process result in temperatures that
are comparable to those typically used to reduce the viscosity of the raw
compound in the injection molding process, without initiating
vulcanization.

The material was then compression molded at 40 MPa and 180 °C for
15 min to produce test plates. Specimens were mechanically punched
out from these plates (see Fig. 1b).

For comparison, a virgin NBR was also tested as reference commer-
cial compound. To summarize, the analyzed materials include:

e Virgin NBR

e Recycled NBR

e Recycled NBR containing 10% [v/v] EAF slag 0-50 pm

e Recycled NBR containing 10% [v/v] EAF slag 50-100 pm

The selection of 10% by volume EAF slag was determined by pre-
liminary tests which demonstrated that this quantity represents the
maximum feasible filler content for efficient compounding and recycling
processes. Concentrations above 10% result in complications that render
the process less implementable in an industrial setting.
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2.2. Methods

2.2.1. EAF slag characterization

The grain size distribution of the EAF slag was determined using a
series of stacked sieves with progressively finer mesh sizes (500, 300,
150, 100, 50 pm). The filler sample was passed through the stacked sieve
tower, and particles were retained in different sieves based on size,
allowing for quantification of the size distribution.

The chemical composition of the EAF slag was analyzed by XRF.

The mineral phases present in the EAF slag were identified by SEM
combined with EDXS. The slag sample was prepared by standard
metallographic polishing methods and sputtered with gold before
analysis.

Leaching tests were performed according to CEN EN 12457-2 stan-
dard (CEN EN 12457-2, 2002) on EAF slag with a grain size lower than 4
mm. Additionally, size-fractionated samples were tested: 0-50 pm,
50-100 pm, 100-150 pm, 150-300 pm. A liquid-to-solid ratio of 10:1
and a mixing time of 24 h were used. Metal concentrations (Cr, Mo, V) in
the eluates were measured by ICP-OES using an Avio 200 PerkinElmer
spectrometer (Milano, Italy).

2.2.2. Compounds characterization

The crosslink density was assessed through a swelling test. Approx-
imately 400 mg samples were cut and submerged in toluene for 48 h at
room temperature. Afterward, the samples were dried in an oven
equipped with a suction system at 80 °C for 24 h before being weighed.
The degree of equilibrium swelling is affected by the crosslink density as
well as the attractive interactions between the solvent and the polymer.
Theoretical swelling levels are predicted using the Flory-Rehner equa-
tion. (Equation (1)) (Flory et al., 1943; Mok and Eng, 2018; Valentin
et al., 2008):

In(1 — Vge) + Vae + JV3

Vs (VRf1/3 - ZVTM)
Where:

v Is the crosslink density [mol/cm3].

Vs = 106.52 (m3/mol) is the toluene molar volume;

f = 4 for tetra functional network junctions;

x Is the Flory-Huggins solvent-polymer interaction parameter
determined according to Equation (2);

vy is the volume fraction of elastomer in the swollen mass, deter-

v=—

Equation 1

b) Compression moulding

== 1M

Fig. 1. Production process of recycled NBR compound filled with EAF slag via a) calendering process in several steps (figures from 1 to 6), followed by b)

Compression molding process.
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mined according to Equation (3).

The Flory-Huggins solvent-polymer interaction parameter is 0.42,
determined using the Bristow and Watson semi-empirical equation
(Barikani and Hepburn, 1992; Bristow and Watson, 1958a, 1958b):
X=p + E(62 —-8)° Equation 2

RT
Where:

p, is the lattice constant approximately 0,34 (Barikani and Hepburn,
1992; Bernal-Ortega et al., 2023);

8; = 19.57 (MPa)l/ 2 is the solubility parameter of NBR (33% acry-
lonitrile content) (Liu et al., 2022), 8, = 18.2 (MPa)'/? is the solubility
parameter of toluene (Yehia and El-Sabbagh, 2007).

The elastomer volume fraction vgs is then calculated from the Ellis
and Welding equation (Swapna et al., 2016) (Equation (3)). The carbon
black content was neglected in the calculation of the cross-link density
as it is the same for all materials tested.

(mq-my)
Vit = ( )Qc
my —my ms—my
Qc + st

Equation 3

Where:

my is the weight of the de-swollen sample;

m is the weight of the swollen sample;

my, is the weight of filler;

Q. is the density of standard NBR compound equal to 1,22 g/cm?;

Q, is the density of the toluene equal to 0,866 g/cm®.

The degree of devulcanization (decrease in the crosslink density) D
(%) was calculated with Equation 4

p=1-4
Vi

Equation 4
Where vy is the crosslink density of the devulcanized sample and v; is the
crosslink density of industrial NBR scrap.

The hardness of the compounds was measured in Shore A hardness
for 3 s following ISO 48-4 (ISO 48-4, 2018), using an automatic Shore
PC type A hardness tester.

Mechanical tensile tests were conducted at cross-head rate of 100
mm/min to ISO 37:2017 type 2 (ISO 37, 2017). Each compound was
measured three times.

The morphology and slag particles distribution in the NBR com-
pounds were evaluated through scanning electron microscopy (SEM)
observations of the surface fracture of specimens broken during the
tensile test, after coating the surface with sputtered gold.

Dynamic mechanical analysis was performed in tensile mode at a
frequency of 1 Hz and room temperature. The imposed strain was varied
between 0,005% and 50% to observe the storage modulus at low and
high plateaus. The analysis was conducted on nominal 1 x 5x30 mm
specimens, with two repetitions.

The dependencies of E' and E” on the strain amplitude have been
modeled by Kraus (Heinrich and Kliippel, 2002) and successively
modified by Ulmer (1996) according to Equation (5) and Equation (6).

" (r)=E« + LE%,,, Equation 5
1+ ()
i (2)
E'(y)=E, +W+(Emﬂ—ﬂo>e : Equation 6
1+ (&)

Where ¢, represents the strain amplitude corresponding to 2/3 (E; —E.,)
and ¢, denotes the strain at which the E" reaches its maximum E'pax. E'o
is the storage modulus at low strain (<0,01%); E',, and E’,, are the
asymptotic plateau values of both moduli at high strain amplitudes,
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respectively; € 5 and m’ and m’’ are non-negative phenomenological
exponents used to fit the experimental data (Lion et al., 2003; Kim et al.,
2020). These latter parameters were determined using the Excel solver
function to find the best fit of the experimental data.

Recovery tests of the low strain amplitude dynamic modulus were
also performed following the application of high amplitude dynamic
strain. A recovery time of 5 min was used with the same test fixture.

3. Results and discussion
3.1. slag characterization

The grain size distribution of the EAF slag was determined through
sieving analysis using stacked sieves with progressively smaller mesh
sizes, ranging from 500 pm down to 50 pm. The granulation method
employed reduces the particle size of the slag, resulting in almost 40% of
it being below 100 pm. This particle size is acceptable for use as a filler
and is roughly equally divided into the 0-50 pm and 50-100 pm ranges.
The most populated particle size range is between 150 and 300 pm, with
over 80% of the particles being smaller than 300 pm.

Concerning the EAF slag’s microstructure and chemical composition,
the existing literature establishes that they are influenced by two key
factors: the specific cooling techniques applied during slag removal and
the composition of the ferrous scrap materials undergoing smelting
(Tossavainen et al., 2007; Engstrom et al., 2010; Mombelli et al., 2019).
Consequently, the relationship between the slag’s mineralogical phases
and chemical composition significantly impacts the leaching behavior,
which in turn affects its environmental impact. Therefore, it is important
to establish correlations between the characteristics of the slag, such as
its chemical composition and the phases present, and its tendency to
leach heavy metals. The chemical composition of the EAF slag deter-
mined by XRF is reported in Table 2 and it falls within the conventional
chemical composition of slag from carbon steel, with a FeO content of
35,5%, CaO 29%, SiO2 13,8%, and other oxides in smaller quantities.
Table 2 also reports the binary basicity index BI2, expressed as the ratio
of Ca0/Si0O,. However, the quaternary basicity index B4, formulated as
(CaO + MgO0)/(SiO2+Al»03), is considered a more comprehensive in-
dicator, accounting for the influence of AlyO3 and MgO on chromium
leaching behavior in Cr-spinels, particularly in slags with a low presence
of these spinel stabilizers oxides (Mombelli et al., 2016a, 2016b, 2018).
Literature studies (Mombelli et al., 2018; Cabrera-Real et al., 2012;
Arredondo-Torres et al.,, 2006) have associated the coexistence of
Ca-chromate (CaCrO4) and Cr-spinel with an IB4 range of 2-3, similar to
the present research. These findings indicate that the leachability of
chromium, as observed in the leaching test (Fig. 4), may be linked to the
existence of an unstable spinel phase and calcium-ferrite, identified as
brownmillerite through SEM-EDS analysis (Fig. 2). Moreover, a reduced
presence of spinel-forming species like MgO and Al203 can facilitate the
leaching of vanadium (V) (Mombelli et al., 2016a).

Considering this, the leaching of certain elements was found to be
correlated with the presence and amount of certain oxides. In particular,
the levels of CaO, SiO, Al,03, and MgO influence the leaching behavior
of V and Cr (Mombelli et al., 2016a).

In the case of slag with low Al,O3 (less than 3% wt) in the brown-
millerite phase (Cay(Al,Fe)50s), aluminum can be replaced by vanadium
and/or chromium oxides. As brownmillerite is a hydraulic phase, hy-
dration leads to the release of Cr and V (Mombelli et al., 2016a).

Cr leachability, empirical evidence indicates an association with
non-stable spinel formation, a relationship predominantly affected by
the cooling rate rather than the chromium oxide content. As elucidated
by Roberti et al. (Gelfi and Cornacchia, 2010) the cooling rate exerts a
pronounced influence on Cr leaching dynamics, inducing modifications
in slag phases and their solubility, independent of the initial CryO3
concentration.

Fig. 2 illustrates the SEM-EDXS analysis of an EAF slag specimen,
which has been polished metallographically and examined using the
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Table 2

EAF slag chemical composition [%wt]and basicity indexes.
SiO4 Al,O3 Fe,03 MnO CaO MgO P,0s5 TiOy Cr03 S NayO K20 F
13,8 2,5 35,5 6,2 29,0 9,6 0,5 0,4 2,0 0,0 0,5 0,0 0,1
Ca0/Aly03 [-] Al,03/Si0; [-] 1B2 Ca0/SiO; [-] 1B4 (CaO + MgO0)/(SiO2+Al;03) [-]
11,7 0,2 2,1 2,4

e
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Fig. 2. SEM back-scattered electron (BSE) image of slag microstructure [% wt] with its EDXS analysis on metallographically polished sample.

back-scattered electron (BSE) mode.

The phase morphology showcases the influence of swift cooling,
evident in the development of an extremely fine dendritic structure and
somewhat larger angular phases. The occurrence of these fine phases
indicates that the slag was subjected to rapid cooling, a method gener-
ally employed to foster the creation of a vitreous phase, thereby
reducing the leaching of heavy metals. SEM-EDXS analysis dentified
different mineralogical phases. The darker phase, characterized by a
high content of Ca and Si, has been identified as larnite (CazSiOa).
Additionally, other silicates such as kirschsteinite (CaFe*'Si0s) and
brownmillerite (Caz2(AlFe)20s) have been also identified. The lighter
phase, rich in Fe, has been identified as wuestite (FeO), detected both in
relatively coarse areas and at the edges of very fine dendritic structures.
Finally, a spinel phase, identified as ferrocromite (Fe-Cr3O4), was
observed with its characteristic angular shape. This phase is considered
to be responsible for chromium leaching, due to its unstable form
(Mombelli et al., 2018). Larnite, as documented in several scientific
sources (Gobetti et al., 2023c; Gelfi and Cornacchia, 2010; Adib et al.,
2015), exhibits a remarkable susceptibility to dissolution upon exposure
to water due to hydration processes. This dissolution mechanism plays a
pivotal role in modulating the Ca concentration within the leachate,
thereby significantly influencing the ultimate pH of the surrounding
environment (Mombelli et al., 2016b). According to the literature
(Geipler et al., 2015), a discernible correspondence between the leach-
ing behavior of V and Ca has been determined. Particularly, an escala-
tion in the Ca leaching corresponds to a notable reduction in the V
concentration detected in the eluate.

Brownmillerite, as described in numerous scientific studies
(Mombelli et al., 2016b; Gelfi and Cornacchia, 2010; Strandkvist et al.,
2020), appears to be the predominant phase correlated to Cr leaching.
While its stoichiometric formula does not explicitly contain chromium,
scientific investigations suggest the plausibility of chromium substitut-
ing for other elements or contributing as an interstitial inclusion,
thereby favoring the formation of potentially unstable phases.

Spinel structures play a crucial role in immobilizing Cr and pre-
venting its leaching into the environment. However, unstable spinels can
lead to Cr leaching from the slag if the spinel-forming species are not
properly combined. The presence of high levels of spinel-forming species
such as MgO and Al>Os, along with a low presence of CaO and SiOo, is

essential for stable spinel formation and for preventing Cr leaching
(Mombelli et al., 2016c¢).

Concerning wuestite, its dissolution kinetics appear to be closely
related to the FeO/MgO ratio (Strandkvist et al., 2020). Remarkable
observations indicate suppression of Cr leaching when FeO content ex-
ceeds 70 wt%, with dissolution levels remaining below 60 wt%.
Furthermore, the findings of Mombelli et al. (2018) suggest that the
presence of Cr in magnesio-wiistite appears to be decoupled from its
leaching dynamics and instead shows a tendency to mitigate the overall
leaching of Cr.

The leaching test was performed on EAF slag with different grain
sizes, all below 4 mm, according with the CEN EN 12457-2 standard
(UNIL, 2004). Furthermore, tests were performed on various fine grain
size ranges: 0-50 pm, 50-100 pm, 100-150 pm, and 150-300 pm. The
results of the leaching tests are shown in Fig. 3. It can be observed that,
generally, smaller slag grain sizes lead to higher leaching levels of Mo
and Cr, as well as increased electrical conductivity of the eluate. In
contrast, the leaching values for pH and V are not significantly influ-
enced by the grain size, which aligns with previous research findings
(David et al., 2017).

Notably, Cr leaching remains minimal (below 0.05 mg/1) for slag
grains smaller than 4 mm, but increases to about 0.2 mg/1 for grain sizes
in the 50-100 pm, 100-150 pm, and 150-300 pm ranges, and further
rises to 0.35 mg/1 for the 0-50 pm range. This increase in Cr leaching is
likely due to the presence of unstable spinel phases, which enhance the
contact surface area with water as the grain size diminishes.

3.2. Compound characterization

3.2.1. Crosslink density

The crosslink density of standard NBR, 100% recycled NBR, and
100% recycled NBR filled with 10% [v/v] EAF slag of grain sizes 0-50
pm and 50-100 pm was determined using the Flory-Rehner equation
(Flory et al., 1943; Mok and Eng, 2018). The study aimed to evaluate the
influence of the recycling process through calendering (indicated by the
hatched area) and subsequent compression molding (indicated by the
solid area).

The results indicate that the crosslink density of recycled NBR de-
creases after the calendering process, with a more pronounced reduction
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Fig. 4. Crosslink density determined by Flory-Rehner equation.

observed in the presence of slag particles in both studied grain size
ranges. This reduction is likely due to the rigid particles limiting the
available space for the polymer matrix to extend during the calendering
process. This constraint increases the stress on the macromolecular
network, leading to more significant alterations. As anticipated,
compression molding leads to an increase in the crosslink density for
each material, with the final crosslink density comparable to that of
virgin NBR. It is worthwhile to notice that the recycled NBR filled with
slag in 0-50 pm grain size range exhibits a slightly higher crosslink
density slightly than that filled with slag in the 50-100 pm grain size
range at equal volume fraction.

The crosslink density in filled rubber can act as a measure of the
interaction between rubber and filler, as evidenced by the rise in the
bound rubber fraction (Thomas et al., 2017). The filler particles are
encased by a fixed NBR layer formed through interaction with slag
(Gobetti et al., 2023b). The slag particles might be encased in a rubber
layer with a high modulus, and then overlaid with a clay layer having a
low modulus. This resulting rigid amorphous phase enhances the NBR

composite’s elevated crosslink density and tensile modulus (Thomas
et al., 2017). As the tested composites vary not in the quantity of filler
but in the size of filler grains, finer-grained filler will inherently offer a
larger surface area for rubber adhesion. Therefore, these findings sug-
gest a noticeable interaction between slag and NBR.

The percentage of devulcanization in reclaimed rubber serves as a
valuable metric for evaluating the effectiveness of the recycling process.
Generally, a higher devulcanization percentage reflects a more efficient
recycling process. Experimental results presented in Table 3 demon-
strate that the devulcanization percentage of recycled NBR filled with
EAF slag (in both grain sizes) exceeds that of the recycled NBR without
filler. This indicates that the addition of EAF slag as a filler in the
recycled NBR enhances the devulcanization process, thereby improving
the efficiency of rubber recycling. Specifically, at equivalent filler vol-
ume fractions, recycled NBR filled with EAF slag in the 50-100 pm grain
size range exhibits a slightly higher devulcanization percentage
compared to that filled with EAF slag in 0-50 pm grain size range. These
findings suggest that the particle size of the EAF slag filler can influence
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Table 3
Devulcanization degree of recycled NBR compounds by calendering and sub-
sequent compression molding.

Material Devulcanization [%]

Calendered Calendered and
compression
molded

Recycled NBR 14% + 0,6% 9% + 1,5%

Recycled NBR 10% [v/v] EAF slag 0- 36% + 1,0% 15% + 0,9%
0,05 mm

Recycled NBR 10% [v/v] EAF slag 40% + 1,2% 24% + 0,8%
0,05-0,1 mm

the devulcanization percentage of recycled NBR. Furthermore, the
subsequent compression molding of recycled rubber via calendering
induces new vulcanization even in the absence of additional cross-
linking agents.

3.2.2. Hardness

The results of the hardness test are depicted in Fig. 5. The hardness
value of recycled NBR falls within the tolerance range of 60 + 5 mIRHD,
while the incorporation of rigid particles enhances the hardness of the
composite. Specifically, at equal filler content, the grain size influences
the results of hardness test. Recycled NBR filled with slag particles
ranging from 0 to 50 pm exhibits a hardness value of about 72 mIRHD,
whereas the same amount of slag with grain size 50-100 pm yields a
hardness value of 67mIRHD. This slight difference can be attributed to
variations in filler surface areas, affecting the adhesion of rubber and
resulting in a higher constrained polymer fraction. This test further
suggests a favorable interaction between NBR and EAF slag.

3.2.3. Tensile properties

The tensile stress-strain curves depicting virgin NBR, recycled NBR,
and slag-filled recycled NBR are shown in Fig. 6a.

The mechanical recycling process exerts the most significant influ-
ence on the tensile properties. This process inevitably disrupts the
macromolecular structure of polymeric materials, including thermo-
plastics (Gobetti and Ramorino, 2020). In vulcanized rubbers, it not only
severs the crosslinks but also damages the main chains. However,
through the recycling steps of calendering and compression molding, the
material achieves homogeneity and workability, enabling it to be mol-
ded into new shapes. Despite the resulting shapes being of relatively
simple geometry, this process can yield significant environmental and
economic benefits for the industry. Notably, while the most affected

80

75

Hardness [Shore A]

NBR

Recycled NBR
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property experiences a moderate decrease, with the stress at break
reducing from an average of 16 MPa-11 MPa, the strain at break un-
dergoes a more substantial reduction of approximately 40%, attributed
to the decrease in macromolecular weight.

Regarding its role as a filler, slag behaves comparably to traditional
non-reinforcing fillers like calcium carbonate (Gobetti et al., 2024b).
These fillers are commonly added to enhance material stiffness and
reduce overall costs. This study suggests that slag can serve as a viable
alternative to these conventional fillers. Specifically, the material filled
with EAF slag in finer granulometry (0-50 pm) exhibits a more pro-
nounced reduction in strain at break. This may be attributable to
increased material stiffness, as evidenced by the elastic modulus.
However, existing literature suggests that as filler grain size decreases,
stress and strain at break typically improve (Kudori and Ismail, 2020;
Khongwong et al., 2019). This phenomenon is not observed in the cur-
rent study. The deviation from expected trends can be attributed to
differences in filler geometry across various to grain size ranges, as
illustrated in Fig. 7.

As regards the elastic modulus both, that defined as the slope of the
first linear section of the stress-strain curve E and that defined as the
slope of the secant at 100% strain, are shown in Fig. 6b, represented by
the hatched and solid areas, respectively.

The investigation revealed that both moduli are enhanced by the
inclusion of EAF slag as filler, with the recycled NBR filled with slag
grains smaller than 50 pm demonstrating the highest moduli. This
outcome corroborates the findings regarding hardness and crosslink
density, which are associated with heightened interaction between the
rubber and filler surfaces, thus validating the NBR-slag interaction.

Fig. 7 displays SEM micrograph and backscattering images of spec-
imens’ cross-sections post-tensile testing. The fracture surfaces reveal
the quality of the recycling process, namely calendering and subsequent
compression molding, resulting in a uniform NBR matrix comparable to
that of a virgin NBR(Fig. 7a). In samples containing EAF slag, finer
granulometry leads to excellent particle dispersion and improved
adhesion with the matrix, evident from the minimal signs of particle
extraction. A critical aspect highlighted by the tensile test results is the
particle geometry. In the 50-100 range, numerous spherical particles are
observed, enhancing mechanical properties by averting notch forma-
tion. Conversely, no spherical particles smaller than 50 pm were
detected, with all particles in this range resulting from mechanical
crushing, leading to the formation of angular particles that exacerbate
notching. Hence, the optimal strategy to enhance tensile properties in-
volves obtaining spherical particles as small as possible.

Recycled NBR 10%[v/v]
EAF Slag 0-0,05mm

Recycled NBR 10%[v/v]
EAF Slag 0,05-0,1mm

Fig. 5. Hardness values in mIRHD.
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3.2.4. Dynamic mechanical analysis

The dynamic behavior of rubber compounds is critical as it signifi-
cantly influences the performance and functionality of rubber products.
It is essential to understand the concepts of dynamic storage modulus
(E) and dynamic loss modulus (E") when analyzing dynamic behavior.,
Vulcanized rubber compounds exhibit a non-linear response to applied
strain amplitude, a phenomenon known as Payne effect. The Payne ef-
fect describes the behavior where E' decreases, indicating a reduction in
stiffness with increasing strain amplitude, while E’ exhibits a peak.

In specific applications such as tires, belts, and anti-vibration de-
vices, it is crucial to have high fatigue resistance. This requires main-
taining low levels of energy dissipation to prevent excessive heat
buildup, thereby necessitating a minimal Payne Effect in these scenarios.
Conversely, in applications where fracture resistance is paramount,
higher energy dissipation is beneficial as it helps divert energy away
from a propagating crack, enhancing the elastomer’s tear resistance. In
these cases, a more pronounced Payne effect, allowing for greater energy

dissipation, is advantageous. Since most engineering applications
necessitate a balance between these conflicting requirements, it is
essential to understand and model the Payne Effect (Rutherford et al.,
2023).

Several theories have been proposed to explain the Payne effect,
which can be broadly classified into two main categories: filler structure
models and matrix-filler bonding and debonding models (Gauthier et al.,
2004). However, two other factors, the hydrodynamic effect, and the
rubber network, also influence the storage modulus, independently of
the amplitude of the applied shear stress (Boonbumrung et al., 2016).

According to Payne (Payne, 1962; Shi et al., 2021), the variation in
dynamic moduli under different strain amplitudes primarily results from
the aggregation and dispersion dynamics within the filler network. In
elastomers filled with carbon black, the structural rigidity depends
largely on the strength of the bonds between the fillers. Another hy-
pothesis suggests that the Payne effect arises from interaction between
the matrix and filler materials (Gerspacher et al., 1996). This theory
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centers on the concept of bound rubber, which exhibits reduced mo-
lecular mobility and effectively acts as additional crosslinks within the
elastomer. As strain amplitude increases, a proposed mechanism in-
volves the attachment and detachment of polymer chains at the filler
interface.

Experimental findings across a strain amplitude range from 0.01% to
50% reveal a consistent storage modulus profile in all tested materials.
This profile consists of a commencement with a low amplitude plateau,
followed by a sharp decline, and concluding with a high amplitude
plateau. It is noteworthy that the low amplitude storage modulus
plateau is significantly elevated in filled NBR, particularly in samples
containing 10% v/v EAF slag with grain sizes ranging from 0 to 50 pm,
which exhibited the highest modulus. These observations align with the
results obtained from hardness, crosslink density, and tensile tests,
leading to similar conclusions. The study indicates that EAF slag-filled
NBR displays a more pronounced Payne effect in comparison to recy-
cled NBR without added slag, exhibiting dynamic behavior that is
analogous to that of virgin NBR. A comparison between recycled NBR
filled with 10% slag (grain size 0-50 pm) and 50-100 pm slag demon-
strates a comparable fractional reduction in storage modulus, with both
samples exhibiting approximately 90% reduction. This contrasts with
the 85% reduction observed in recycled NBR without added slag.

The experimental results highlight that various types of fillers,
beyond carbon black, influence the non-linear behavior of rubber
compounds in response to strain amplitude, contributing to the Payne
effect. This implies a close correlation between this phenomenon and the
interaction between the filler and matrix, as the type and amount of
carbon black remain constant across the tested compounds. At equiva-
lent slag volume fractions, the compound containing smaller particles
—thus offering a greater surface area for interaction— exhibits a higher
storage modulus at low strain amplitudes, followed by a more pro-
nounced decrease with increasing strain amplitude, eventually reaching
a high storage modulus plateau, a consistent across all tested
compounds.

It is noteworthy that as the slag-matrix interaction surface are in-
creases, the deviation from linearity begins at lower strain amplitudes,
as evidenced by the shift in the peak of E" . at lower strain amplitudes.
Lastly, it is observed that the behavior of 100% recycled NBR closely
resembles that of virgin NBR, albeit a slightly higher loss modulus peak.
This discrepancy could be attributed to the lower crosslink density in
recycled NBR, resulting in a slightly higher viscous component. Of
particular significance is the comparable behavior between recycled and
virgin NBR under moderate deformations, suggesting the potential for
recycled NBR to replace virgin materials in suitable applications.
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Moreover, the ability to adjust the dynamic properties by varying the
slag particle size and loading fraction offers opportunities for tailoring
these materials to meet specific requirements, thus contributing to sus-
tainable material usage. The Kraus model, depicted by the solid lines in
Fig. 8, accurately captures the experimental data for the storage
modulus (E) as illustrated in Fig. 8a. Regarding E” (Fig. 8b) the Kraus
prediction model, modified according to Ulmer (Ulmer, 1996; Heinrich
and Kliippel, 2002), accurately aligns with the experimental data within
the strain amplitude range of 0,05-10%.

Research was conducted to examine the partial restoration of the low
amplitude storage modulus following the application of a substantial
dynamic strain amplitude across all tested materials. Fig. 9 displays the
results, illustrating the low amplitude storage modulus recorded after
the imposition of the high strain amplitude plotted against time.

Following the reduction of E' due to the application of a high-
amplitude dynamic strain (50%), a low-amplitude dynamic strain
(0.005%) is imposed and the speed of the material to recover its initial E’
is evaluated in percentage terms, where complete recovery corresponds
to 100%.

It was observed that the incorporation of EAF slag facilitated the
recovery process, although it reached a constant value that was lower
than the initial measurement after a rapid recovery phase. It is note-
worthy that materials filled with EAF slag exhibit a slightly higher and
faster fractional recovery, particularly those containing slag grains
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Fig. 9. Fractional recovery of low-strain storage modulus after high-amplitude
dynamic strain.
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smaller than 50 pm. This phenomenon indicates that the presence of a
rigid amorphous rubber layer, constrained by rigid slag particles, facil-
itates elastic recovery following a significant strain amplitude distur-
bance. In contrast, recycled NBR displays significantly diminished
fractional recovery in comparison to its virgin counterpart. This phe-
nomenon aligns with its comparatively lower cross-link density, as
evidenced by the inverse correlation between cross-link density and
chain mobility. This latter phenomenon can be understood as the viscous
sliding of macromolecules, resulting in a reduction in elastic recovery.

4. Conclusion

The present study delves into the valorization of two distinct in-
dustrial waste streams - nitrile butadiene rubber (NBR) scraps and
electric arc furnace (EAF) slag - through the production of recycled NBR
compounds filled with EAF slag particles. The findings underscore the
potential of harnessing these waste materials, yielding both environ-
mental and economic benefits.

A novel recycling process, conducted at room temperature without
the addition of curative chemical agents or former rubber grinding, was
employed for the recycling of NBR scraps. This mechanical recycling
approach, relying solely on shear forces imparted during calendering,
represents a significant departure from conventional thermal-
mechanical or mechano-chemical recycling techniques. Notably, this
method enables manufacturers to valorize their own scrap material
without substantial capital investment, as it utilizes standard calenders
commonly available in rubber processing facilities.

e The incorporation of EAF slag as a filler in recycled NBR compounds
was found to enhance the devulcanization process, improving the
efficiency of rubber recycling. The recycled NBR filled with EAF slag
exhibited a higher degree of devulcanization compared to the un-
filled recycled NBR, with the compound filled with slag in the grain
size range of 50-100 pm displaying a slightly higher devulcanization
percentage due to due to increased stretching exerted on the elas-
tomeric matrix.

The incorporation of rigid filler particles enhances the hardness of
the composites. Specifically, when comparing composites with equal
EAF slag content, the grain size of the filler affects the hardness.
Recycled NBR filled with slag particles smaller than 50 pm exhibits
slightly greater hardness compared to samples filled with an equiv-
alent amount of slag with grain sizes ranging from 50 to 100 pm.
The recycled NBR filled with EAF slag demonstrated a more pro-
nounced Payne effect, characterized by a non-linear viscoelastic
response, compared to the unfilled recycled NBR. This phenomenon
is attributed to the interaction between the filler and the rubber
matrix, suggesting that EAF slag, contributes to the non-linear
behavior of rubber compounds. In particular, the rubber compound
filled with slag in a grain size lower than 50 pm presents a more
marked Payne effect probably due to a higher filler-matrix surface of
interaction.

e The Kraus and Ulmer prediction model well describes the dynamic
storage and loss modulus in strain amplitude sweep.

It is noteworthy that the incorporation of EAF slag into recycled NBR
compounds enabled a more expeditious fractional recovery of the
low-strain amplitude storage modulus subsequent to the imposition
of a high-amplitude dynamic strain. This effect is attributed to the
presence of a rigid amorphous rubber layer constrained by the rigid
slag particles, which enhances elastic recovery.

In conclusion, the findings of this study highlight the potential of
reusing industrial wastes, such as EAF slag and rubber scraps, to produce
functional rubber compounds with improved properties. The proposed
recycling approach not only mitigates the environmental impact of these
waste streams but also offers economic advantages by valorizing these
materials as valuable resources in the context of industrial symbiosis.
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Potential applications for these recycled NBR/EAF slag compounds
include automotive seals and gaskets, vibration isolation pads, and other
simple geometry products benefiting from their tunable hardness,
modulus, and energy dissipation capabilities.
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