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Abstract: The inadequate disposal of tires poses a significant threat to human health and requires
effective recycling solutions. The crosslinked structure of rubber, formed through sulfur bridges dur-
ing vulcanization, presents a major challenge for recycling because it prevents the rubber scraps from
being reshaped thermoplastically. Reclaiming or devulcanization aims to reverse this crosslinking,
allowing waste rubber to be transformed into products that can be reprocessed and revulcanized,
thereby saving costs and preserving resources. Microwave technology shows promise for devulcan-
ization due to its ability to break sulfur crosslinks. In this study, we investigate the devulcanization
of ground tire rubber (GTR) through a combined process applied to samples from both car and truck
tires subjected to varying periods of microwave irradiation (0, 3, 5 and 10 min). The devulcanized GTR
was then blended with natural rubber (NR) and underwent a new vulcanization process, simulating
recycling for novel applications. The GTR was mixed with NR in proportions of 0, 10, 30 and 50 parts
per hundred rubber (phr). This study also examines the differences between the GTR from car tires
and GTR from truck tires. The results showed that the treatment effectively breaks the crosslinks in
the GTR, creating double bonds (C=C) and improving the mechanical properties of the revulcanized
samples. The crosslinking density and related properties of the samples increased with treatment
time, reaching a maximum at 5 min of microwave treatment, followed by a decrease at 10 min.
Additionally, the incorporation of GTR enhanced the thermal stability of the resulting materials.

Keywords: FTIR; recycling; ground tire rubber (GTR); microwave; thermomechanical; natural rubber

1. Introduction

The global demand for industrial rubber products is very high and expected to grow.
This is the main reason that leads to the production of huge amounts of post-consumer
scrap rubber. In 2022 a little more than 3.1 million tons of tires in Europe and 17.3 million
tons worldwide were managed in an environmentally sound and economically viable
manner [1]. This big amount of waste is an important issue in terms of environmental
protection, energy recovery and management. It is well known that the inadequate disposal
of scrap rubber, especially tires, may pose a potential threat to human health. Tires can emit
polycyclic aromatic hydrocarbons (PAHs) [2], which can be cancerous, like benzopyrene,
or affect dermal, hepatic or immunological systems. The EU has already had cases of
used tires that have been illegally dumped or stockpiled in landfills and have generated
problems. In 2016 a massive blaze at an illegal tire dump took place in the town of Seseña
near Madrid (Spain), and 9000 people were evacuated from their homes amid fear of
carcinogenic compounds present in the smoke. Currently, tires at the end of their life are
processed in specialized plants to produce a powder known as ground tire rubber (GTR).
Recycling this residue presents a significant challenge that has captured the attention of
research groups worldwide.
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While research in the field of genetics, cell biology and other bio areas are making
discoveries that increase the quality of life and longevity, the reuse and recovery of haz-
ardous materials such as tires is also an effective way to prevent and avoid situations that
undoubtedly have a negative impact on human health. Fortunately, as mentioned earlier,
the scientific community is continuously exploring new recycling methods to offer more
efficient solutions for managing waste.

Elastomers are characterized by their crosslinked structure, which is established during
the vulcanization process. This process involves the formation of disulfur bridges (-S-S-)
that link the macromolecular chains of the polymer. The majority of elastomer properties
stem from this crosslinked structure. However, these crosslinks also pose a challenge for
recycling, as they prevent the polymer from melting and being reshaped thermoplastically.

Reclaiming is a process aimed at breaking the crosslinked structure of the elastomers,
which transforms scrap and waste rubber in products that can be processed and vulcanized
again, simultaneously saving costs in raw materials and preserving both natural resources
and the environment. In this way reclaimed elastomers can be incorporated in blends
with fresh rubber, forming compounds able to be used in diverse applications [3]. The
incorporation and dispersion of the reclaimed rubber play important roles concerning
product quality, the production economy and market competition.

Reclaiming is also called devulcanization, and the term refers to the process of revers-
ing the creation of disulfur and/or polysulfur bridges in elastomers. Specifically, devul-
canization targets the breaking of these bridges, whereas reclaiming generally involves
breaking down the chains that form the elastomeric network in a less specific manner.

To achieve the process of devulcanization, the breaking of the intermolecular chains that
crosslink the elastomers, several methods based on supercritical CO2 [4], ultrasounds [5],
mechanochemical [6–8] or microbial methods [9], have been proposed. Some of these
techniques require reactions that involve organic compounds, oils and solvents and may
imply risks for health and the environment. Our proposal is using a technique based
on a thermomechanical treatment with the addition of BPO (peroxide of benzoyl) as a
chemical agent, combined with microwave irradiation. This process, moderately energy
consuming, can provide an alternative to other systems of reclaiming/devulcanizing, either
from economical or environmental perspectives.

The use of combined processes, thermomechanical and microwave, as a devulcan-
ization method has been proposed and used by our group in previous experiments with
ethylene propylene diene monomer rubber (EPDM) [10] and ground tire rubber (GTR) [11].
The idea behind the application of this combined process consists in breaking the crosslink-
ing of the vulcanized rubber through mechanical action (more aggressive and therefore less
specific on the disulfur bridges) for a short period of time and then heating the sample with
microwaves (more selective on the bonds -S-S-). The selectivity of microwave systems stems
from their ability to generate a precise, rapid and uniform temperature increase, surpassing
conventional heating methods like convection or conduction. The microwave process has
been used by different research groups. Kleps et al. used thermogravimetric analysis to
study the changes that occur in rubber vulcanizates: natural rubber (NR), styrene butadiene
rubber (SBR) and EPDM [12]. Scuracchio et al. analyzed the chemical and physical changes
in GTR after various periods of microwave exposure [13,14]. Colom et al., in a previous
work, studied the chemical structure of different types of GTR and the influence of their
components and formulations on microwave devulcanization [15].

In this study, we examine the devulcanization of ground tire rubber (GTR) using
a combined process applied to samples derived from two main sources: car tires and
truck tires subjected to varying periods of microwave irradiation (0, 3, 5 and 10 min). The
devulcanized GTR was then blended with natural rubber (NR) and underwent a new
vulcanization process, simulating recycling for a novel application. The GTR was mixed
with NR in proportions of 0, 10, 30, and 50 parts per hundred rubber (phr).

The macroscopic properties and microstructural changes of these rubber compounds
were investigated through analysis of their thermal properties, mechanical properties and
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morphology. The results were compared under identical manufacturing conditions with
fresh natural rubber. This study aims not only to describe the behavior of these samples
but also to provide insights into how the treatment affects the molecular chains of the
polymers involved.

2. Materials and Methods
2.1. Materials

NR SVR CV (Vietnam Natural Rubber), ash content max. 0.4% wt, volatile matter
0.8% wt, Plasticity Retention Index (PRI) 60, density 0.92 g/cm3 was supplied by VIGAR
HEXPOL Compounding SLU, Rubí (Barcelona, Spain).

Ground tire rubber (GTR) from passenger cars (GTRcar) and GTR from trucks (GTRtruck)
were supplied by GMN Maials (Lleida, Spain), with an average particle size of 320 micros
for car tires and 354 microns for truck tires.

Vulcanization accelerators (TBBS: N-tert-butyl-2-benzothiazole sulfonamide, TMTD:
tetramethylthiuram disulfide), carbon black N-330, benzoyl peroxide (BPO), stearic acid,
zinc oxide and sulfur with technical purity were supplied by VIGAR HEXPOL Compound-
ing SLU, Rubí (Barcelona, Spain).

2.2. Devulcanization of GTR

GTR was devulcanized in a two-step system consisting of a thermomechanical treat-
ment followed by irradiation in a microwave oven.

The thermomechanical treatment was carried out in a Brabender plastograph at 80 ◦C
and 80 rpm, including the addition of 2 phr of benzoyl peroxide (BPO) as devulcanizing
agent for 30 min. BPO, commonly used in these treatments, facilitates thermomechanical
devulcanization. Some authors refer to this process as thermochemomechanical, although
generally, thermomechanical processes involve the use of BPO.

The microwave irradiation took place in a prototype microwave oven with a motor-
ized PTFE stirring system adapted in our laboratory. The devulcanization process was
performed setting the magnetron power to 700 W, with stirring at 80 rpm and 3, 5 and
10 min of microwave (mW) exposure. The resulting materials after this process have been
named GTRd car and GTRd truck (where “d” stands for devulcanized).

The conditions of these procedures have been tested in previous studies [16].

2.3. Samples Preparation

Elastomeric samples were prepared using a Brabender plastograph batch mixer. The
temperature was set at 70 ◦C; rotational speed of the rollers was 100 rpm. The mixing time
was 8 min, which included 2 min of preliminary plasticization of natural rubber, 4 min of
mixing with 30 phr of carbon black and GTR or devulcanized GTR, and 2 min of mixing
the blend with the sulfur curing system.

The GTR content in the samples was 0, 10, 30 and 50 parts per hundred of rubber (phr).
The same curing system was used for all samples. The curing system composition (phr)
was defined as a conventional vulcanization (CV) formulation [16]: zinc oxide 5.0; stearic
acid 3.0; TBBS 1.5; TMTD 0.25; sulfur 2.0.

The obtained rubber composites were compression molded into 3 mm thick samples at
160 ◦C and 4.9 MPa according to the determined optimal vulcanization time [17,18]. Unfilled
natural rubber samples were processed in the same conditions and used as a reference.

2.4. Measurements

Chemical structure of rubber composites (RCs) was determined using Fourier trans-
form infrared spectroscopy (FTIR) analysis performed by means of a Spectrum Two spec-
trometer from Perkin Elmer (Waltham, MA, USA). The device had an ATR attachment with
a diamond crystal. Measurements were performed with 2 cm−1 resolution in the range
550–4000 cm−1.
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Tensile strength and elongation at break of the obtained vulcanized rubber composites
were tested according to the standard ISO 37 [19] using an Instron testing machine with
pneumatic cell load capacity of 2 kN. Tensile tests were performed at a crosshead speed
of 500 mm/min. Direct extension measurements were conducted periodically using an
extensometer with sensor arms. Hardness was determined using a Zwick 3130 durometer
Shore A (Ulm, Germany) in accordance with the standard ISO 7619-1 [20]. The reported
results are the average of 5 measurements per sample.

The crosslinking density (CLD) calculation is based on the equilibrium swelling
theory, which is defined by Kraus, and modified Flory–Rehner equation for filled rubber
vulcanizate. The crosslink density was determined according to the ASTM D6814-02 [21]
standard method, through swelling measurements of the rubber composites which were
let to swell in cold toluene for 72 h, refreshing the solvent every 24 h, followed by drying
to constant mass at 80 ◦C. The Flory–Rehner Equation (2) [22] was used to calculate the
crosslink density. X is Flory–Huggins parameter interaction of the polymer–solvent set
equal to 0.414 [23], considering NR as main polymer and toluene as solvent.

ve =
−[ln(1−Vr) + Vr + χV2

r ]

[V1(V1/3
r −Vr/2)]

(1)

where ve = crosslink density, mol/cm3; Vr = gel volume in the swollen sample; V1 = solvent
molar volume (toluene = 106.2 cm3/mol);

Vr =

mp
ρp

mp
ρp

+ ms
ρs

(2)

where mp is mass of the dry polymer, ρs is density of the solvent (toluene 0.8662 g/cm3),
ms is mass of the solvent absorbed by the swollen sample, ρp is density of the polymer. The
rubber density was 0.92 g/cm3 (NR), 0.945 g/cm3 (10 phrGTR), 0.985 g/cm3 (30 phrGTR),
1.013 g/cm3 (50 phrGTr).

The Kraus correction model was applied due to the presence of carbon black as a filler.
The carbon black density was chosen equal to 1.85 g/cm3. The total apparent crosslink
density (vtotal) with Kraus correction was calculated according to Equations (3) and (4):

vtotal =
ve

1 + K + Φ
(3)

Φ =
ϕ f × ρr ×m0

ρ f ×mdry
(4)

where ve = measured chemical crosslink density, mol/cm3; vtotal = actual chemical crosslink
density, mol/cm3; K = constant characteristic of the filler, but which, independent of the
solvent, was chosen to be 1.17 [24]; ϕf = volume fraction of filler in the sample which
is calculated; ρr = density of studied compound, g/cm3; m0 = weight of sample before
extraction, g; ρf = density of filler, g/cm3; mdry = weight of sample after extraction, g.

In addition to the total crosslink density values, the distribution of sulfur bonds
(monosulfidic, disulfidic and polysulfidic) in the cured rubber was determined using a
two-step thiol–amine reaction [25].

The distribution of polysulfidic bonds (defined as vpolysulfidic) was determined from
the difference between the total apparent crosslinking density CLD (vtotal) and the value
obtained after first step treatment (vMD) and can be expressed according to Equation (5),

vpolysulfidic = vtotal − vMD (5)
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In the second step the crosslinking value M (vM) obtained is used to calculate the
crosslinking disulfidic bonds according to Equation (6),

vdisulfidic = vMD − vM (6)

The density of the samples was measured based on the Archimedes method, as
described in ISO 2781 [26]. Accordingly, all measurements were carried out at room
temperature in methanol medium.

Thermogravimetric analysis (TGA) was performed on a Perkin Elmer 8000 apparatus.
Rubber composites weighing approx. 15–20 mg were placed in a corundum dish. The
measurement was conducted in the temperature range 50–600 ◦C and under a nitrogen
atmosphere (30 mL/min), at a heating rate of 20 ◦C/min.

The morphology of rubber composites after extraction in toluene (at room temperature,
72 h) was observed with a JEOL 5610 scanning electron microscope (Tokyo, Japan). Before
measurement the samples were covered with a fine gold–palladium layer to increase their
conductivity in a vacuum chamber.

3. Results
3.1. Mechanical Properties
3.1.1. Compounds including Non-Devulcanized GTR

The stress–strain curves for NR vulcanizates with different amounts (10, 30 and 50 phr)
of non-devulcanized GTRcar (GTRc) and GTRtruck (GTRt) are shown in Figures 1 and 2.
When compared to pure NR vulcanizates, the modulus at 300% of elongation decreases in
all compositions of NR/GTRcar and NR/GTRtruck.
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Figure 1. Stress–strain curves for NR vulcanizates with different amounts (0,10, 30 and 50 phr) of
non-devulcanized GTRcar (GTRc).

Moreover, the deformation at break decreased with the increase of GTR (non-devulcanized)
content, especially in the case of GTRt from trucks. For 100NR the maximum elongation at
break was 854% with a tensile strength of 26.1 MPa, but when NR was filled with 50 phr
of GTR, the elongation at break and tensile strength decreased to 695% and 15.5 MPa for
GTRcar and 675% elongation, 14.1 MPa tensile strength for GTRtruck. The decreasing
of tensile properties in all NR/GTR blends is attributed to the lack of bonding between
GTR and NR. The GTR does not disperse well in the continuous elastomeric matrix, which
creates weak sites on stress transmission, resulting in a decrease of tensile properties.
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Figure 2. Stress–strain curves for NR vulcanizates with different amounts (0,10, 30 and 50 phr) of
non-devulcanized GTRtruck (GTRt).

3.1.2. Compounds including Devulcanized GTR

The mechanical properties of the rubber composites obtained with GTR previously
devulcanized are shown in Figures 3 and 4.
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Figure 3. Tensile properties of NR/GTRcar compounds.

The tensile properties of compounds of GTR devulcanized with the combined process
were much better than those of non-devulcanized GTR. In rubber composites with 50 phr of
GTRcar and GTRtruck treated by microwave for 10′, the elongation at break increased from
695% to 728% and 675% to 779%. This improvement of tensile properties, of 5% and 13.5%,
respectively, is due to the devulcanization of GTR, which provides better bonding between
GTR and NR and an increase in the roughness and specific surface of the devulcanized
particles [27,28]. As Figures 3 and 4 show, the mechanical properties of the GTRcar and
GTRtruck compounds are very similar, regardless of the type of devulcanization (time
of mW) that has been carried out on each of the samples. However, the tensile strength
obtained by the GTRtruck samples is slightly higher than that of the GTRcar. The elongation
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at break and the modulus of Young at 300% present very similar values regardless of the
amount of GTR used (phr) and the type (car or truck), but in any case they are higher than
the samples with non-devulcanized GTR.
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Figure 4. Tensile properties of NR/GTRtruck compounds.

The differences in the results of GTRcar and GTRtruck are related to the composition of
each type of GTR. GTRtruck has a higher content of NR than GTRcar (27% and 14%) [29] and
SiO2 (9.8% and 7.3%, respectively). As reported in a previous studies [14], GTR samples with
a high content of SiO2 are easier to devulcanize than samples with low content of SiO2. This
means that SiO2 acts as a catalyzer in the devulcanization process by microwaves. Higher
compatibility between GTRtruck and NR is then achieved due to the better devulcanization
and the similar composition of both components, which explain the tensile results.

Figure 5 shows that the hardness values for the different samples of each type of
GTR are analogous. Likewise, it is also worth noting that the values of the GTRtruck
show greater dispersion and are lower than those of the GTRcar. This is mainly due to the
components of each type of GTR; the GTRcar has a higher content of synthetic elastomers
than the GTRtruck, these being more rigid than natural rubber. The type of devulcanization
treatment does not have a significant influence, although the hardness decreases with the
GTRd content, significantly for the GTRtruck.
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The results of the crosslink density and percentage of sulfidic bridges for GTRcar and
GTRtruck rubber composites are shown in Figures 6 and 7.
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Figure 6. (a) Apparent crosslink density of GTRcar vulcanizate samples (µmol/cm3); (b) percentage
(%) of mono-, di- and polysulfidic bonds correlated with apparent CLD for non-treated (NT) and
TMmW5 compounds.

The maximum value for crosslinking has been obtained for fresh natural rubber (ref-
erence sample) at 130 µmol/cm−3. The crosslink density was found independent of the
type of GTR used (car or truck). For all quantities of GTR present in the rubber compounds,
the crosslink density increased as a function of the time of treatment, with a maximum
value obtained at TMmW5 and a subsequent decrease at TMmW10 treatment more obvious
when using GTR from cars than GTRtruck. As can be observed in Figures 6b and 7b,
the percentage of polysulfidic bonds is much higher than that of mono- and disulfidic
bonds, completely in accordance with what is known as conventional vulcanization, when
A/S (accelerator/sulphur) ratios are lower than 0.7. The TMmW devulcanization process
breaks mainly the S-S bridges and, randomly, some parts of the main elastomer chain, as
demonstrated by the Horikx plot obtained in several studies [30,31]. Fourier transform
infrared spectroscopy (FTIR) analysis revealed that this breaking of the main polymeric
chain increases the number of double bonds and then the ability to generate more crosslink-
ing (with percentages of polysulfidic bonds higher than 80%). The power of the TMmW10
treatment is what causes the apparent CLD to decrease for TMmW treatments greater than
5′. GTR is undergoing a thermal degradation produced by an excess of devulcanization
time which is counterproductive and reduces the ability to generate more crosslinking [32].
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The results obtained for the type of sulfur bridge (Figures 6b and 7b) in both samples,
GTRcar and GTRtruck, show that crosslinking presents very high percentages of polysulfide
bridges. The graphs also show that the percentage of polysulfidic bonds in the GTRtruck
samples is slightly higher (average 2%) than in the GTRcar samples. This makes it possibile
that the GTRtruck samples have greater lengths in the crosslinking bridges than the GTRcar,
which would favor the mechanical properties of the GTRtruck samples.

3.2. Spectroscopy Characterization

To obtain information on the microstructure of rubber composites, FTIR/ATR spectro-
scopic studies were conducted. Figures 8 and 9 show the spectral area comprised between
1800 and 1450 cm−1. The spectra of natural rubber samples filled with 50 phr of GTR from
cars and trucks devulcanized by microwaves are compared.
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Figure 8. Spectral area of 100NR with 50 phr GTRcar devulcanized by microwaves for different
periods of time: (a) NR, (b) 50GTRc(NT)/NR, (c) 50GTRc(TMmW3)/NR, (d) 50GTRc(TMmW5)/NR
and (e) 50GTRc(TMmW10)/NR.

Two bands appearing at 1736 cm−1 and 1728 cm−1 are present in the spectra. These
bands are related to the stearic acid included in the sample, which migrates from the core
to the surface as exudation. The band at 1736 cm−1 is assigned to the free carbonyl group,
and the band at 1728 cm−1 is attributed to a carbonyl group bonded with water molecules
from the environment or other polar groups. These bands are bigger in NR than in NR
filled with GTR because the presence of GTR avoids the movement of the stearic acid chain
through the rubber structure, producing more impediment to reach the surface. The band
at 1538 cm−1 assigned to zinc stearate (ZnSt2) appears due to the reaction between ZnO and
stearic acid during the manufacturing process [33], and it is related to the crosslink density
and due to the amount of stearic acid that has been able to react. When the crosslinking
decreases, there is an increase in the amount of ZnSt2 on the surface that causes a high
band at 1538 cm−1. This is indicative of the facility of the molecule of ZnSt2 to pass
through the elastomeric structure. TMmW5 treatment, and in minor measure TMmW10
treatment, improve the ability of the sample to create more polysulfidic bridges and avoid
the movement of ZnSt2 (see Figure 9). After 10′ min of treatment, as commented above, the
degradation of the main elastomeric chains results in a loss of mechanical properties.
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periods of time: (a) NR, (b) 50GTRt(NT)/NR, (c) 50GTRt(TMmW3)/NR, (d) 50GTRt(TMmW5)/NR
and (e) 50GTRt(TMmW10)/NR.

Another interesting group of bands appear from 1596 to 1660 cm−1 and are related to
the double bonds C=C. NR spectra show lower absorbance values of C=C than samples
with GTR. In samples with GTR devulcanized, these values increase with the treatment
time. This means that, as mentioned previously, there is a scission of the main chain of the
polymer produced by the devulcanization, and double bonds are generated with TMmW
treatment, although not all C=C react subsequently with S to create sulfur bridges during
the revulcanization. Some of them remain unreacted.

The spectra of the samples of rubber composites with GTR from trucks show little
difference compared to the samples of GTR from cars. The presence of ZnSt2 on the surface
of samples with GTR from trucks is lower than that on samples from cars. This means
that, as found in the swelling results, the crosslink degree in samples with GTRtruck is
higher, avoiding the diffusion of zinc stearate from the core to the surface [34]. Also, the
amount of double bonds (C=C) is lower in samples with GTR from trucks because the
TMmW devulcanization treatment is more efficient and allowed the formation of more
sulfur bridges than in case of GTR from cars.

Figure 10a shows the particles of zinc stearate on the surface of 0 GTRc (NT)/NR.
Figure 10b shows a magnification of 8000X; the scanning electron micrograph, SEM, reveals
the structural morphology displayed by the crystalline shape of ZnSt2. It is a random
platelike crystal with a size that varies between 1 and 3 microns [35].
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(b) (×8000).

3.3. Thermogravimetric Analysis

Thermogravimetric analysis of natural rubber blended with different amounts of GTR
from cars and trucks was conducted in a nitrogen atmosphere. These conditions allow
only thermal degradation, avoiding the combined effect of thermal- and thermo-oxidative
degradation in the presence of oxygen.

The obtained results are presented in Figures 11 and 12 and summarized in Table 1.
The data indicate an increase in thermal stability with the addition of GTR, regardless of
the type of GTR used (car or truck), which is related to the better thermal stability of GTR
in comparison to natural rubber. Likewise, the maximum decomposition temperature,
estimated from derivative thermogravimetry (DTG), increases as a function of the amount
of GTR, where the reference sample 100NR has a peak at 398.5 ◦C, sample 100NR50GTRcar
has a peak at 402.9 ◦C and sample 100NR50GTRtruck has a peak at 402.1 ◦C, respectively.
This phenomenon is also related to the difference of compositions of GTR from cars and
trucks. According to reference [30] GTRcar has an average composition of 14% of NR and
27% of SynR (synthetic rubber), while GTRtruck contains 27% of NR and 14% of SynR. The
presence of synthetic rubber in particles of GTR increases the thermal stability, because the
decomposition temperature is higher for SBR (main component of SynR) than in NR.
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Table 1. Temperature values obtained from TGA/DTG curves of different NR/GTR car and truck
rubber composites.

Sample Tm (◦C) NR Tm (◦C) SynR Char Residue

100NR 398.5 - 516.0
100NR10GTRc 401.3 458.0 517.5
100NR30GTRc 402.1 459.0 517.1
100NR50GTRc 402.9 459.3 518.3

100NR10GTRc5 407.1 460.1 519.3
100NR30GTRc5 408.3 459.6 520.8
100NR50GTRc5 408.5 460.3 520.6
100NR10GTRc10 406.3 458.9 519.9
100NR30GTRc10 406.7 459.1 520.0
100NR50GTRc10 406.0 459.8 520.3

100NR10GTRt 401.1 457.1 517.1
100NR30GTRt 401.8 458.4 517.1
100NR50GTRt 402.1 459.0 518.3

100NR10GTRt5 407.2 459.3 519.4
100NR30GTRt5 408.0 459.0 519.8
100NR50GTRt5 408.1 459.1 520.1
100NR10GTRt10 406.2 458.9 520.3
100NR30GTRt10 406.1 459.3 520.1
100NR50GTRt10 405.6 458.8 520.5

The thermal stability of different rubber composites can also be affected by the in-
teraction between natural rubber and devulcanized GTR. Table 1 shows the temperature
values obtained from TGA/DTG curves of different NR/GTR car and truck composites.
Several intervals can be observed: (a) from 320 ◦C to 410 ◦C, decomposition of natural
rubber (fresh elastomer and NR from GTR); (b) from 410 ◦C to 516 ◦C, decomposition of
synthetic rubber (mainly SBR and other rubber components of GTR) and (c) upwards of
516 ◦C, char residue (carbon black and other inorganic materials). The results for each
sample show a displacement of temperatures as a function of devulcanization time and
type of GTR. As mentioned previously, thermal stability tends to increase slightly with
devulcanization time. The maximum values of temperature are 408.5 ◦C and 408.1 ◦C for
the samples of 100NR50GTRc5′ and 100NR50GTRt5′, respectively. Temperature values
assigned to the decomposition of the synthetic components of GTR are more similar for all
samples (459 to 460 ◦C).
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3.4. SEM Studies of NR-GTR

Figure 13 shows SEM photographs of the tensile fracture surface of the rubber com-
posites. The micrograph of pure natural rubber (A) shows a homogeneous structure with
dispersed ZnSt2 crystals. Micrographs (B) and (C) show the surface fracture of samples
NR50GTRc0 and NR50GTRc10. In both pictures, the GTRcar particles embedded in the
NR matrix are visible. In sample (B), where the GTR has not been submitted to microwave
treatment there are some visible cracks, pores and many cavities, which means that the
adhesion was rather poor. In this case, the lack of compatibility results in a decrease of
mechanical properties. Picture (C) depicts the influence of GTR with combined treatment
on the interaction between NR and GTRcar particles. The surfaces are smoother. The
results suggest an increase in the degree of crosslinking between NR and GTR, which
is in agreement with the revulcanization and further crosslink reaction between GTR10′

and the NR matrix, due to the existence of much more active sites to participate in the
revulcanization process. Pictures (D) and (E) describe a similar trend, although sample
NR50GTRt(NT) shows better behavior than NR50GTRc(NT). This is due to the different
composition of GTR from cars and trucks, as previously discussed.
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Figure 13. SEM microphotographs of the tensile fracture surface of the composites: (A1) natural
rubber (×500); (A2) natural rubber (×50); (B) NR50GTRc(NT); (C) NR50GTRc10; (D) NR50GTRt(NT);
(E) NR50GTRc10.

4. Conclusions

The use of a combined process as a devulcanization treatment produces the breaking of
the crosslinking of the GTR and improves the mechanical properties of the revulcanized sam-
ples, because of the increase in compatibility and the higher density of crosslinking achieved.

The samples including GTRtruck rubber showed better mechanical properties than for
GTRcar rubber, because of higher NR content NR in the composition of the GTRtruck rubber.

The crosslink density of the samples increased as a function of the time of treatment,
with a maximum value obtained at 5′ and a decrease at 10′ of mW treatment. The microwave
process breaks preferentially the S-S bridges, but when applied for long periods of time
may also produce thermal degradation of the main chain of the elastomers, which is
counterproductive and reduces the final crosslinking.

The devulcanizing process results in an increase of the double bonds C=C, subse-
quently increasing the ability to generate crosslinking. GTRtruck rubber has a higher
proportion of NR in its composition, which allows the generation of more crosslinks.

FTIR results show a migration to the surface of the stearic acid and zinc stearate
included in the sample. The migration is consequently related to the degree of crosslinking
obtained in the manufacturing of the composites. The combined treatment improves the
ability of the sample in creating more sulfur bridges and avoids the movement of ZnSt2.

There is an increase in thermal stability with the addition of GTR, associated with the
higher thermal stability of GTR compared to natural rubber. The increase of devulcanization
time induces a displacement of temperatures which is related to the development of an
effective interaction between the components.

A morphologic study of the samples agreed with the previous data, as the fracture
surface of devulcanized samples was smoother and showed less cracks or pores.
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