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Abstract: Environmental concerns about waste management systems have stimulated the search for
technological and economical alternatives that introduce waste as raw material for production cycles.
In this sense, this study aimed to develop and characterize styrene-butadiene rubber (SBR) composites
that contain industrial rubber scraps devulcanized by microwaves (SBR-r) as a reinforcing filler. The
scraps were ground under ambient conditions. From the obtained powder (SBR-r), composites were
prepared, varying the exposure time of the powder to the microwaves (1, 2, and 3 min), as well
as the SBR-r content. These composites were compared to a Reference sample (base formulation
without SBR-r). The vulcanization parameters were determined by an oscillating disk rheometer.
After vulcanization, the composites were characterized by mechanical properties (tensile and tear
strength, and compression set). These properties were also evaluated after accelerated aging in an air
oven and a UV chamber (ultraviolet light). The results indicated that as a result of increasing the
exposure time of the waste to the microwaves, no significant influence in the composite properties
was observed. Aged samples presented higher results as compared with the Reference sample (tensile
strength up to 175% higher, tear strength up to 107% higher, and compression set up to 91% higher),
which indicates the possibility of using these materials in technological applications, such as in the
civil and automotive industries.

Keywords: styrene-butadiene rubber (SBR); SBR industrial rubber scraps; devulcanization;
microwaves; recycling

1. Introduction

Vulcanized rubbers, when disposed in landfills, become accumulators of rain water (especially
in the case of tires) due to their usual large size and format, and therefore become a place for the
proliferation of vectors, such as the aedes aegypti mosquito, transmitter of dengue, chikungunya,
yellow fever, and zika, causing serious environmental and public health problems [1]. Therefore,
recycling techniques must be proposed to solve these serious problems and recover the material with a
higher commercial value [2]. The cross-links of the main polymer chains during the vulcanization
process turn the thermoplastic into a thermoset material which cannot be remolded by simple heating.
Therefore, to reuse this material, it is necessary to apply some kind of physical or chemical treatment to
breakdown the cross-linked network of vulcanized rubber [3]. Amongst several techniques, microwave
devulcanization presents some advantages that makes it one of the most promising techniques for
rubber recycling [4-8]. These advantages include the treatment of large amounts of material, the
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possibility of continuous processing, and the easy adjustment of the process parameters, such as the
source of energy and treatment time [8]. The last advantage is particularly important since each type
of rubber has its own characteristics and needs a specific degree of devulcanization to produce useful
materials. The most recent literature has proven the benefits of this recycling technique [9,10].

Literature has proven that the higher the exposure time of the sample to the microwaves, the
higher its devulcanization degree, especially when carbon black is contained in the sample [4-6,11].
Different types of rubber have shown a similar behavior, such as natural rubber (NR) [4,11], ground tire
rubber (GTR) [7], and styrene-butadiene rubber (SBR) [5,6]. Because devulcanization by microwaves is
a controlled degradation and an increase of exposure time increases the degree of devulcanization,
some level of degradation is observed in devulcanized samples. Consequently, the parameters of the
processing must be carefully controlled [5-7,11]. In agreement, the work by de Sousa et al. [4] analyzed
rheological and mechanical properties of polymeric blends containing different concentrations of raw
NR/devulcanized NR by microwaves, and depicted that with an increase in the content of recycled
rubber and/or an increase of time of exposure to the microwaves, there was an increase in the reversion
trend, and a reduction of mechanical properties due to the degradation of the recycled phase.

Some studies have reported a loss of mechanical properties by incorporating ground rubber
wastes into raw rubber matrix, since the interaction between the vulcanized and the raw rubber was
weak [12-15].

Zanchet et al. [14] incorporated residue of ethylene-propylene diene monomer rubber (EPDM)
ground at room temperature (called EPDM-r) into raw EPDM resulting in polymeric blends of raw
EPDM/r-EPDM, analyzed the mechanical properties results (especially tensile strength and elongation
at break), and concluded that, by analyzing the mechanical properties results, and the morphology,
there were weak interactions and adhesion among the elastomeric matrix and the residue, due to the
reduction of these properties concerning neat EPDM, no matter the residue concentration. Similar
results were observed in an earlier work [15], reporting that, beyond the blends of raw EPDM/r-EPDM,
blends of raw SBR/SBR residue (SBR-r) in different concentrations were also produced and analyzed.

However, the proposed process is advantageous, considering a reduction in costs. In addition,
some authors have used the devulcanization process in recycled rubbers before producing composites
or polymeric blends to increase the interaction between the phases due to the better dispersion of the
recycled rubber particles in the polymeric matrix, which results in a more refined phases morphology
and improvements in the mechanical properties [13,16-22].

Polymeric blends composed of high-density polyethylene (HDPE)/GTR devulcanized by
microwaves have been analyzed [17-19]. The morphology of the blends depicted that, in general, the
devulcanization of the recycled rubber improved the dispersion of the elastomeric phase, resulting
in improved mechanical properties of the blends. Similar results have been observed by some
authors, by analyzing the properties of polymeric blends composed of polystyrene/SBR devulcanized
by ultrasound [21], and blends composed of EPDM/EPDM-r devulcanized by microwaves [23]. In
addition, Simon et al. [22] compared the results of elastomeric blends containing SBR/GTR (both
devulcanized by microwaves or not) and the blends containing devulcanized GTR that presented
improved mechanical results, as discussed previously.

The objective of this study is to develop and characterize SBR composites containing industrial
rubber scraps devulcanized by microwaves (SBR-r) as a reinforcing filler, searching for better interaction
between the phases and a consequent improvement in the final properties of the composites. Different
exposure times of the SBR-r were analyzed, as well as different amounts of recycled phase in the
composites. The samples were exposed to accelerated aging in an air oven and a UV chamber
(ultraviolet light), and the mechanical properties of the aged and unaged samples were compared
(tensile and tear strength, and compression set). The results of the aged samples in relation to the
Reference sample presented improvements of up to 175% in tensile strength (100 SBR-2: 3.55 MPa),
107% in tear strength (100 SBR-3: 18.31 kN.m™), and 91% in compression set (20 SBR-1: 11.10). These
results indicate the possibility of using these materials in technological applications in several areas,
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such as in the civil and automotive industries. Thus, as the main scientific contribution, this work
presents a study on the influence of thermo oxidative and UV degradation of elastomeric compounds
containing different concentrations of recycled material.

2. Materials and Methods

2.1. Materials

The SBR automotive extruded profile scraps were supplied by Ciaflex Industria de Borrachas
Ltd. (Caxias do Sul, Brazil). The scraps were collected according to ASTM E300, and ground under
environmental conditions. Ground SBR scraps, i.e., SBR powder, are known as SBR-r. The particle
size distribution ranged from 28 to 35 mesh [24]. The partial composition of the scraps, obtained by
thermogravimetric analysis (TGA), was as follows: 27.6% SBR, 34.1% CaCOs, 24.1% oil, 12.1% carbon
black, and 2.1% other additives [25].

Raw SBR (SBR-1502) was supplied by Petroflex Industria e Comércio S/A (Duque de Caxias, Rio
de Janeiro, Brazil). The additives used were zinc oxide (ZnO) (Agro Zinco industry and trade Ltd., Sao
Paulo, Brazil), stearic acid (Proquiec Industria de Produtos Quimicos S/A, Vargem Grande Paulista,
Brazil), n-tert-butyl-2-benzothiazolsulfenamide (TBBS) (Proquiec Industria de Produtos Quimicos S/A,
Vargem Grande Paulista, Brazil), and sulfur (S) (Intercuf Industria e Comércio Ltd., Campinas, Brazil).

2.2. Methods

2.2.1. SBR-r Devulcanization by Microwaves and Gel Content Determination

The SBR-r powder was devulcanized in an adapted microwave apparatus consisting of a
domestic-type microwave oven Electrolux 27 E adapted to a stirring system. The power of the
magnetron was 900 W. Around 100 g of SBR-r was placed in a 600 mL beaker with a stirring speed of 40
rpm. The processing parameter was the exposure time, which varied from 1 to 3 min. The temperature
of the samples was measured just after each treatment.

According to Seghar et al. [26], the maximal microwave specific energy to perform a controlled
reclaiming of SBR is 440 Wh/kg. The corresponding microwave specific energy, E, of the devulcanized
samples was evaluated from Equation (1) [26]:
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where P is the magnetron power of the oven (900 watts),  is the exposure time of the sample to the
microwaves (h), and m is the mass of the sample (100 g).

The determination of gel content was carried out in triplicate by extraction in a Soxhlet extractor
with toluene using 1 g of the sample for 24 h. The SBR-r (before and after devulcanization by
microwaves) was, then, removed and dried at 60 °C, under vacuum, for approximately 6 h. The oil and
filler content, determined by TGA [25], was deducted from the sample to find the gel content. These
results were presented in a previous work [20], but they are discussed in this work to improve the
analysis of the results. The nomenclature of the devulcanized samples is SBR-r, in which “r” represents
the exposure time of the sample to the microwaves.

2.2.2. Preparation of the Composites Containing SBR-r

The composites were prepared in a laboratory two-roll mill EEMC, model LAB 1.6 L, according
to ASTM D 3185. Different proportions of SBR-r (20, 40, 60, 80, and 100 phr) were added into a base
formulation provided by the industry (SBR-1502). The formulation of the composites is shown in
Table 1 (the amounts of each compound are presented in parts per hundred of rubber (phr)). All
the composites were mixed and subsequently vulcanized. The Reference sample was a formulation
containing raw SBR rubber and additives, and any kind of filler, as listed in Table 1.
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Table 1. Composites formulation, in parts per hundred of rubber (phr).

C Sample
ompound
Reference 20 SBR-r 40 SBR-r 60 SBR-r 80 SBR-r 100 SBR-r
SBR-1502 100 100 100 100 100 100
SBR-r - 20 40 60 80 100
ZnO 3.00 3.00 3.00 3.00 3.00 3.00
Stearic acid 1.00 1.00 1.00 1.00 1.00 1.00
TBBS 1.00 1.00 1.00 1.00 1.00 1.00
Sulfur 1.75 1.75 1.75 1.75 1.75 1.75

The specimens for the mechanical analyses were obtained by compression molding at 160 °C
under a pressure of 10 MPa in a Luxor mark-heated hydraulic press for the optimum cure time, tg,
determined by an oscillating disk rheometer (ODR). This procedure followed ASTM D 3182-07. The
nomenclature of the samples is of type X SBR-r, where “X” represents the amount of recycled SBR
present in the compounds (in phr), and “r” represents the exposure time of the SBR to the microwaves
(in min), during the devulcanization process. The results of the samples 80 SBR-r were discussed in a
previous work [20], however, they are presented here as a comparison.

2.2.3. Vulcanization Characteristics of the Composites

Vulcanization characteristics were determined by using an ODR Tech Pro-Rheotech OD*, at
160 °C, according to ASTM D 2084-06. The parameters obtained from the curves torque versus
time were as follows: the minimum torque (ML), which is related to the viscosity of the composites
before vulcanization; the maximum torque (MH), which is related to the molecular stiffness after
the vulcanization process, i.e., proportional to the formation of cross-links; ts; is known as scorch or
security time, which is the time related to the onset of the vulcanization reaction; tog is the optimum
vulcanization time, the time necessary to vulcanizate 100% of the sample; torque variation AM (AM =
MH-ML), proportional to the cross-link density of the samples; and cure rate index (CRI), proportional
to the vulcanization rate. CRI values were calculated by using Equation (2) [27]:

1

CRI= ——— @)
fop — 51

2.2.4. Characterization of the Composites

Tensile and tear strength tests were performed in an EMIC DL-3000 instrument, according to
ASTM D 412-06a and ASTM D 624-00, respectively. The compression set test was carried out at 23 °C
and 70 °C for 22 h according to ASTM D 395b-03.

2.2.5. Accelerated Aging Tests

For each formulation, twenty specimens were submitted to the accelerated aging in an air oven
and a UV chamber. The thermal aging was carried out in a forced air circulating oven (Erzinger, model
90/65/70) at 70 °C for 7 days, according to ASTM D 573-04. The UV aging test was carried out according
to ASTM G 154-06 in a Comexin UV chamber at 50 °C for 120, 240, 360, and 480 h, in two cycles (50%
related to condensation, and 50% related to UVB radiation). The aged specimens were analyzed, and
the results were compared to the corresponding unaged samples, according to Equation (3):

p
Property retention value = (P_) x 100 (©)]
0

where Py and P are the properties of the samples before and after the accelerated aging
processes, respectively.
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3. Results and Discussion

3.1. SBR-r Devulcanization

Figure 1 shows the temperature of the SBR-r after the exposure to the microwaves, gel content,
and the corresponding medium microwave specific energy of the devulcanized samples.

\ : 100 - 500
80 - m

S A - 450
[ ] < > A

- 400
70 - 1 80 <
u o <
—~ = 130 T
< S S
[<2) c P
5 60+ (] 2 %0 2
5 X 160 8 &
S - d20 @
S Q
: 3 g
= <,
50 - {200 &

's 140 4 150

40 , . , . , . : J 100

0 1 2 3

Exposure time to the microwaves (min)

Figure 1. Temperature of the recycled SBR just after its exposure to the microwaves, the gel content,
and the corresponding medium microwave specific energy of the devulcanized samples.

The results showed that the higher the exposure time of the SBR to the microwaves, the higher its
temperature and the lower its gel content, depicting that an increase of temperature of the samples is
responsible for breaking its cross-links [11,28]. However, it is known that during the exposure of the
samples to the microwaves, cross-link scission, main chain degradation, and formation of new bonds
may happen simultaneously [28,29].

Concerning the specific energy of the devulcanized samples, point A in Figure 1 corresponds to the
maximal microwave specific energy to perform a controlled reclaiming of SBR [26]. The results showed
that the microwave specific energy to devulcanizate SBR-3 is higher, demonstrating that this sample
possibly presented some degradation level, which can influence the results of the SBR-3 composites.

3.2. Vulcanization Characteristics

Table 2 summarizes the vulcanization characteristics of the analyzed samples.

Concerning the torque values (MH, ML, and AM), a trend is not observed related to the increase
of the SBR-r amount in the composites, and to the increase of the devulcanization time. It is a
known fact that devulcanization causes rubber to flow again, which tends to influence the torque
values by decreasing the ML values [30]. However, MH and AM values are strongly influenced by
the cross-link density of the samples resulting from the flowability of the rubber, since it improves
the dispersion and the distribution of the vulcanization additives during mixing. Therefore, the
flowability of the recycled rubber, as well as its amount can directly influence these values [31].
Additionally, de Sousa et al. [32,33] have shown that, in the case of GTR devulcanized by microwaves
and revulcanized, the rubber phases present in GTR, i.e., NR and SBR, are degraded in different levels
during the recycling processes, that is, NR phase is preferentially degraded during the microwave
devulcanization process, while the SBR phase is preferentially degraded during the revulcanization
procedure in heated press, the same recycling methods used in the present work. Thus, the recycled
phase in the analyzed composites could have suffered some degradation level, which could have
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influenced the obtained results. As presented before, the result of microwave specific energy of SBR-3
was slightly higher than the energy necessary to perform a controlled reclaiming of SBR [26], which
probably influenced the obtained results. In addition, the decrease of the MH values could be a
consequence of the formation of a physical barrier to the cross-link reactions because of the presence of
SBR-r [20].

Table 2. Vulcanization characteristics of the composites.

Sample MH (dN.m) ML (dN.m) AM (dN.m) ts1 (min) tgo (min) CRI (min™1)
Reference 24.6 49 19.7 12.4 225 0.10
20 SBR-0 23.9 59 18.0 6.9 13.0 0.16
40 SBR-0 17.7 54 12.3 5.7 10.0 0.23
60 SBR-0 23.0 7.2 15.8 4.6 9.5 0.20
80 SBR-0 19.6 6.4 13.2 5.7 7.0 0.77
100 SBR-0 11.2 5.8 5.4 4.3 6.3 0.50
20 SBR-1 24.5 53 19.2 49 6.5 0.63
40 SBR-1 26.4 5.8 20.6 5.4 9.1 0.27
60 SBR-1 22.8 6.3 16.5 3.4 8.4 0.20
80 SBR-1 22.0 6.8 15.2 3.9 7.3 0.29
100 SBR-1 21.9 7.4 14.5 2.7 7.2 0.22
20 SBR-2 22.7 5.1 17.6 6.7 14.4 0.13
40 SBR-2 23.0 53 17.7 4.6 10.2 0.18
60 SBR-2 23.4 5.6 17.8 3.6 7.3 0.27
80 SBR-2 229 6.6 16.3 3.0 6.5 0.29
100 SBR-2 21.7 7.2 14.5 2.6 6.0 0.29
20 SBR-3 21.5 5.2 16.3 6.7 13.3 0.15
40 SBR-3 17.0 4.5 12.5 5.1 9.0 0.26
60 SBR-3 18.8 49 13.9 45 8.5 0.25
80 SBR-3 19.1 5.7 13.4 3.4 6.5 0.32
100 SBR-3 21.0 6.6 14.4 2.8 6.1 0.30

Concerning the ts; and tgg values, it is observed that, in general, they are reduced as the amount of
recycled rubber increased in the composite, as well as the exposure time of the SBR-r to the microwaves
increased, increasing the CRI results, i.e., the vulcanization reaction rate increased. According to some
authors [18-20,34-36], these results are typical for recycled rubbers, due to the residual vulcanization
additives (such as accelerators) from the first vulcanization reaction present in the recycled phase.
Additionally, it is known that the devulcanization increases the interaction between raw phase and
recycled phase in composites and blends containing recycled rubbers. The increase in the reaction rate
is important since energy can be saved during the process. However, the reduction of ts; results is not
desirable, since during this period the rubber can flow and produce consumer goods without problems.
Therefore, if this time is reduced, the probability of producing defective consumer goods is higher.

3.3. Characterization of the SBR-r Composites

Figure 2 presents the results of tensile strength and elongation at break for the SBR-r composites,
before and after the accelerated aging in an air oven.
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Figure 2. Results of tensile strength and elongation at break for the SBR-r composites. (a,c) before
accelerated aging; and (b,d) after accelerated aging in an air oven.

According to the tensile strength results, in general for this property, an increase was observed
based on the amount of recycled rubber in the composites. However, in general, the results showed
that an increase in the exposure time of SBR-r to the microwaves resulted in a reduction in this property.
These results could be a consequence of the reduction of the viscosity of the devulcanized SBR-r, which
improves the interaction and adhesion between the phases, thus, reducing the reinforcing character of
the SBR-r. Additionally, as discussed above, these results can also suffer the influence of degradation
of the SBR-r during the recycling stages [32,33]. Concerning the elongation at break, no significant
variation was observed among the analyzed samples. However, the composites containing recycled
rubber presented a significant improvement in this property as compared with the Reference sample.

Concerning the tensile strength, it is important to mention that the majority of the composites
presented a higher value property than the Reference sample, for both aged and unaged samples. This
observation depicts the possibility of using SBR-r in the production of composites without reduction of
the property as compared with the Reference sample, in technological applications. In the case of the
elongation of break of the aged samples, it is possible that the aged rubbers continued the vulcanization
process during the aging stage (post cure process), as demonstrated by Zanchet et al. [29], since the
higher cross-link density tends to reduce the elasticity of the sample. Similar behavior was observed by
Hamed and Zhao [37] who reported that, after aging for 16 days, the strength of the samples increased
approximately two-fold, while the elongation at break was significantly reduced due to the increase of
the cross-link density of the samples.

Figure 3 shows the tear strength results of the composites, before and after the aging process.
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Figure 3. Tear strength results of SBR-r composites, before (a) and after (b) accelerated aging in an
air oven.

According to tear strength results, for unaged samples (Figure 3a), both an increase in the
exposure time to the microwaves and an increase in the SBR-r content led to a reduction in the
property. Conversely, for aged samples, this trend was not observed, that is, the composites containing
SBR-r showed an improvement as compared with the Reference sample. Additionally, no significant
reduction of the property values of aged samples as compared with the unaged samples composites
were observed.

Figure 4 shows the compression set results of the analyzed composites.
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Figure 4. Compression set values of SBR-r composites before and after the accelerated aging. (a) SBR-0;
(b) SBR-1; (c) SBR-2; and (d) SBR-3.
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A reduction in compression set was observed with the incorporation of SBR-r for the unaged
samples (23 °C). This result indicated an increase in elastic recovery of the material to the imposed
deformation. In general, this property was influenced by the exposure time of the SBR-r to the
microwaves, especially when aged samples were compared, which could be related to variations in the
cross-link density [38]. When subjected to accelerated aging in an air oven at 70 °C, all the composites
showed an increase in the compression set values. According to the literature [31], this is attributed to
the reduced elasticity of the elastomeric matrix, which hinders the elastic recovery of the material and
leads to a plastic deformation under stress.

3.4. Accelerated Aging in a UV Chamber

Figure 5 presents the property retention values of tensile strength of the SBR-r composites after
the UV aging for 120, 240, 360, and 420 h.
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Figure 5. Property retention values (%) of tensile strength of the SBR-r composites after the aging in a
UV chamber.

Tensile strength values presented an increase in aging time up to 360 h. According to the
literature [39], the loss of properties for longer times of aging is attributed to the continuous increase
in the cross-link density. Moreover, as the formulation of SBR-r is not completely known, it could
contain antioxidants, since this additive is largely used in the automotive rubber industry in general.
It is important to emphasize the increase of tensile strength of the composites containing higher
concentrations of SBR-3.

The property retention values of elongation at break of the SBR-r composites after the UV aging
for 120, 240, 360, and 420 h are presented in Figure 6.
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Figure 6. Property retention values (%) of elongation at break of the SBR-r composites after the aging
in a UV chamber.

For elongation at break (Figure 6), a gradual decrease in this property was observed with an
increase of the aging time [20,37,40]. However, it was independent of the SBR-r content. This could
have been related to the increased stiffness of the elastomeric matrix, corroborating the tensile strength
results. When the cross-link density was high, the average molar mass of the rubber chains between
two cross-linked points decreased. This caused an increase in the stiffness of the elastomeric matrix and,
therefore, lowered the elongation at break values [39]. These results corroborate with the mechanical
properties previously discussed.

As observed in the discussion of the results, a higher cross-linked density was observed in the
aged samples, which resulted in higher stiffness of the aged samples. The results of the aged samples
in relation to the Reference sample presented improvements of up to 175% of tensile strength (100
SBR-2, 3.55 MPa), 107% of tear strength (100 SBR-3, 18.31 kN.m™1), and 91% of compression set
(20 SBR-1, 11.10). Figure 7 schematically depicts this result, showing the use of the UV chamber,
being valid also for thermal aging in the forced air circulating oven. It is important to mention that
satisfactory mechanical properties after accelerated aging were obtained, in some cases higher than
the Reference sample, as previously depicted. These results indicate the possibility of using these
materials in technological applications, in several different areas, depending on the specific mechanical
property demanded.



Recycling 2020, 5, 3 11 of 13

>
>
<«
>
>

A

Heat
l UV radiation
UV chamber 2 Moisture

RALLLEL LR L L Ll Ll L

° *
- “
/—\ Molecular stiffness -
E UV-Accelerated .
- aging :
:' .
£ ‘.

Figure 7. Schematic diagram showing the increase of the molecular stiffness due to the increase of the
cross-link density of the analyzed composites during the aging.

4. Conclusions

The set of properties required to obtain SBR-r composites with technological application is related
to the mechanical properties of the Reference sample, such as tension and tear strength. The results
indicate that the devulcanization of the waste rubber by microwaves cause breakage of the cross-links
and degradation of the main chains. While cross-link scission makes the material moldable and
reprocessable, the degradation of the main chains, which is unavoidable, leads to a deterioration of the
mechanical properties. After the aging processes, an increase in molecular stiffness of the composites
was observed as a result of the increase in the cross-link density. The aged samples presented improved
results as compared with the Reference sample of up to 175% of tensile strength (100 SBR-2, 3.55 MPa),
107% of tear strength (100 SBR-3, 18.31 kN m~!), and 91% of compression set (20 SBR-1, 11.10). As main
conclusion, this study showed the treatment by microwaves as a viable technique for the recycling of
rubber, and the composites containing devulcanized SBR presented higher mechanical properties as
compared with the Reference sample, especially after the accelerated aging. However, the parameters
of the devulcanization process can degrade the material, which is not desired, and one of the main
factors for the success of the process is the control of the final temperature of the samples, which is the
objective of future works.
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