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Abstract

The paper presents the characterization and processing of a post-consumer vulcanized rubber waste for use as a filler to obtain
polymer composites with thermoplastic matrix based on styrene—butadiene—styrene block copolymer (SBS). The influence
of methods to improve compatibility, such as physical modification of rubber waste or dynamic crosslinking and grafting, on
the characteristics of the polymer composites obtained was analyzed. To determine the composition of the rubber waste, the
acetonic extract and the amount of ash were determined, and a Burchfield test as well as an FTIR analysis were performed
to identify the type of rubber. Based on the analyses performed, it was observed that the base elastomer in the rubber waste
is styrene butadiene rubber (SBR). It was filled with silicon dioxide (SiO,) and vulcanized with sulfur (S). The rubber waste
was cryogenically milled. Mixtures based on thermoplastic elastomers such as styrene—butadiene—styrene block copolymers
and milled vulcanized rubber waste (powder) were obtained using a Plasti-Corder Brabender internal mixer. Crosslinking and
grafting were performed by a radical reaction mechanism, in dynamic regime, at temperatures of 135-165 °C and rotational
speeds of 80 rpm, using di-2-tert-butylisopropyl benzene as crosslinking agent and trimethylolpropane trimethacrylate as
crosslinking coagent. The specimens for characterizing the mixtures were made by compression on a laboratory electrical
press. The samples were characterized from a structural point of view and the physical-mechanical properties were deter-
mined, in the normal state and after accelerated aging for 168 h at 70 °C. The obtained results indicate that the vulcanized
rubber powder acted as an elastic filler, leading to an increase in the hardness and elasticity of the samples. Grafting and
crosslinking in a dynamic mode shows a significant improvement in hardness, elasticity and tensile strength. The samples
show good stability at accelerated aging.
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Introduction In the twentieth century, several types of synthetic rub-

bers were obtained, some of them with superior properties to

After the discovery of the vulcanization process in 1839, by
Charles Goodyear [1, 2], natural rubber began to be widely
used, due to its special properties such as elasticity, ten-
sile strength and resistance to abrasion, and good electrical
insulation. Nowadays, it is also used as raw material for the
synthesis of new biobased products, synthesis of diols, mac-
rodiols and esters from natural rubber [3, 4].
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natural rubber, or with special uses. These include ordinary
synthetic rubbers (namely: polybutadiene, polyisoprene,
styrene—butadiene copolymer), and special rubbers, such
as ethylene—propylene copolymers, polychloroprene, acry-
lonitrile-butadiene copolymers, and polyurethanes [5, 6]. A
variety of rubber products have appeared on the market, such
as conveyor belts, electrical insulation, gaskets, rubber shoes
and soles, baby bottles, medical devices, anti-corrosion coat-
ings, adhesives, and car tires The rubber processing indus-
try has developed significantly and is still in a continuous
development, the most accelerated being the production of
car tires [7, 8].

When obtaining rubber articles by vulcanization method,
along with vulcanization accelerators, other ingredients are
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added, such as fillers, plasticizers, antioxidants, dyes, and
flame retardants, which aim to improve certain properties
or reduce the production cost. Due to the synthetic rubbers,
the vulcanizing agents and the ingredients that are added to
the rubber materials, they are very resistant to biodegrada-
tion, photochemical decomposition or high temperatures.
For these reasons, the management of post-consumer waste
(generally obtained as burrs from the vulcanization opera-
tion) or the waste obtained from the decommissioning of
rubber articles, and especially of car tires, has become a very
serious technological, economic and ecological challenge.
Thus, several regulations have been adopted and several
methods of recovery, reduction, reuse and recycling of these
wastes have been developed [8—10]. Progress in recent years
in the management of polymer waste has led to these types
of waste being perceived as a potential source of energy or
new raw materials [8, 10].

The main methods of recovery of used products and rub-
ber waste, grouped in descending order of technical effi-
ciency of the process are [7, 8, 11]: (1) reprocessing for
reuse; (2) material recycling—by grinding or grinding and
devulcanization, when rubber powder is obtained which can
be used both as a filler in elastomeric compositions or ther-
moplastic materials, as well as to obtain regenerated rubber
by devulcanization (which can replace rubber); (3) pyroly-
sis—when carbon black or oils can be obtained; (4) energy
recovery—the use as fuel for obtaining thermal energy; (5)
reuse as modifying agents for various materials, used espe-
cially in the field of road construction, etc.

In this paper, we present the recycling of post-consumer
non-black waste by cryogenic grinding and the use of rubber
powder obtained as a filler for the production of polymer
composites, in which the matrix consists of a thermoplas-
tic elastomer referred to styrene—butadiene—styrene block
copolymers (SBS). Cryogenic grinding, compared to other
grinding methods such as grinding at ambient temperature,
or wet grinding, has the following technical advantages:
(a) advanced grinding in a small number of grinding steps,
reducing the proportion of recycled material; (b) obtaining
smaller particles with more uniform dimensional distribu-
tions; (c) eliminating the possibility of thermal degrada-
tion of the material; (d) grinding materials which cannot
be effectively ground by conventional methods, etc. With
this technology, it is possible to make rubber particles with
the required parameters and smooth surface, which consid-
erably improve the physico-chemical properties and allow
their use in making tires, polymer composites, composition
of asphalt mixtures, etc. The disadvantages of this method
are generally due to the costs of the coolant used, or those
of the drying operation [12-14].

Several studies have been carried out on the use of ground
rubber waste, in the form of rubber powder, in the production
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of polymer composites with a thermoplastic matrix, in which
the thermoplastic materials used are mainly: polyethylene
(PE) [15-18], polypropylene (PP) [19-22] polystyrene (PSt)
[23], polyvinyl chloride (PVC) [24, 25], ethylene—vinyl ace-
tate copolymer (EVA) [26, 27], polyurethane (PU) [28] etc.
According to these studies, it has been observed that the
mechanical properties of these polymer composites depend
on the type of thermoplastic matrix used, the amount of rub-
ber powder and its degree of dispersion in the matrix, and
the nature of interactions between composite components
[18, 29]. The composites obtained are generally character-
ized by a low adhesion between the thermoplastic matrix
and the rubber powder [23, 30], and the mechanical proper-
ties decrease with the increasing amount of rubber particles
introduced [31]. In order to improve the properties of these
composites, the use of maleic anhydride, dicumyl peroxide
[32] or bis-maleimide [33], which acts as a compatibility
system, was analyzed.

In our study, the rubber waste was physically modified
by cryogenic grinding, and then mixed with linear liquid
polydimethylsiloxane (PDMS) to improve dispersion in the
polymer matrix. The thermoplastic matrix was an SBS-type
thermoplastic elastomer, which has a basic composition sim-
ilar to that of the rubber identified in the rubber powder, so
that the interactions between the thermoplastic matrix and
the reinforcing filler (rubber powder) would be good. At
the same time, for an improvement of the characteristics, a
crosslinking and grafting in dynamic regime was performed.
The work can contribute to the development of new meth-
ods and technologies for the superior recovery of rubber
waste, which will contribute to a reduction of environmental
pollution.

Experimental
Materials

The following raw materials were used for the experiments:
(1) thermoplastic elastomer granules (TR) styrene—butadi-
ene—styrene block copolymers (SBS) K03/65/9000, manu-
factured by KIK Compounds, Targoviste, Romania, were
used as polymer matrix. These, in addition to the basic
SBS elastomer, may contain filler, plasticizer, antioxidant,
dyes and other ingredients; (2) a rubber powder obtained
by cryogenically grinding a compact white rubber waste
(from footwear) was used as a reinforcing filler, obtain-
ing 45-mesh rubber powder size; (3) liquid linear polydi-
methylsiloxane (PDMS), from Sigma-Aldrich, Inc., USA,
was used as plasticizer and to improve the dispersion of
rubber powder in the polymer matrix; (4) Luperox F40
di-2-tert-butylisopropyl benzene (40% active substance
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content) from Alkema and a crosslinking coagent, tri-
methylolpropane trimethacrylate (TMPTMA) monomer
Alcanpoudre TMPT MA 70 (70% active substance and
30% precipitated silica) from Safic Alcan were used for the
crosslinking and dynamic grafting of the polymer compos-
ite in order to improve its characteristics.

Modification of the rubber waste

The post-consumer rubber waste was physically modi-
fied by grinding using a Retsch ZM200 cyclone cryo-
genic mill (manufactured by Retsch GmbH in Haan,
Germany) initially using a 30-mesh and then a 45-mesh
sieve. Carbonic ice was used as the refrigerant. In order
to improve the dispersion of the rubber powder in the
polymer matrix, linear polydimethylsiloxane (PDMS)
was used, which also has a plasticizer role. The obtain-
ing method was: 5 g of PDMS were added to 95 g of rub-
ber powder under continuous mixing (60 rpm), and the
obtained mixture was kept for 6 h at 60 °C homogenizing
the sample every 30 min.

Obtaining compounds and testing specimens

The blends were obtained using a Plasti-Corder Bra-
bender internal mixer, at 150—-170 °C for 7 min. The
rotor speed was 30 rpm in the first 2 min and increased
to 80 rpm for the next 5 min. The composition of the
mixtures made, expressed in parts per 100 parts of rub-
ber (phr), is presented in Table 1. Test specimens for
the determination of the characteristics were obtained by
the compression method, using the laboratory electrical
press Fortune Presses TP 600 manufactured by Fontijne
Grotnes, Vlaardingen, The Netherlands. The processing
parameters were: temperature of 170 °C, pressing force
300 kN and molding time 6 min, followed by the cool-
ing stage down to 45 °C, at 300 kN pressing force, for
10 min.

Table 1 Composition of blends

Ingredients Sample code
M  A20 A20+5P PT/A20+5P

TR K03/65/9000, g 100 100 100 100
White rubber waste powder, g — 25 - -
White rubber waste powder - - 25 25

with 5% PDMS, g
Luperox F40P, g - - - 1.25
Alcanpoudre TMPTMA 70, g - - - 1.25

Laboratory tests
Methods of analysis of post-consumer rubber waste

In order to analyze the composition of the post-consumer
rubber waste, the acetonic extract and the amount of ash
were determined.

The determination of the acetonic extract was performed
according to ISO 1407 Method B. The method is based on
the property that resins have to dissolve in certain organic
solvents [34, 35]. A crushed sample quantity was weighed
(5.0237 g with an accuracy of +0.0001 g) and a medium
porosity filter paper cartridge was formed. The sample car-
tridge was inserted into the Soxhlet apparatus (mounted on
a water bath) and attached to the extraction flask previously
brought to constant weight (by heating to 105 °C). The
required amount of acetone was added and extracted until
the liquid was observed in the level tube (18 h). After extrac-
tion, the cartridge was removed, the acetone was removed by
distillation, and the flask was dried and brought to a constant
mass (in an oven at 105 °C for 3 h). The acetonic extract
content was calculated from the relation (1):

. my —my

acetone extraction(%) = r— x 100 (1)
where m, is the mass of the flask with residue, in g; m, is
the mass of the empty flask, in g; m is the mass of the rubber
waste test sample, in g.

The determination of the ash content (mineral substance
content) was carried out in accordance with ISO 247. For
the determination, a quantity of 5.2813 g of the ground rub-
ber waste sample was weighed to the nearest+0.0002 g and
placed in a porcelain crucible previously brought to constant
weight. The crucible with material was burned with the help
of a gas bulb, in the niche, until the organic material was
exhausted, after which it was placed in a calcination furnace
at high temperature (800 °C) until reaching constant mass.
Ash content was calculated using relation (2):

m;
ash content(%) = nTt x 100 )
in which m; is the mass of the material weighed initially, in
g; my is the mass of the residue after calcination, in g.

The identification of the rubber type: present in the
post-consumer rubber waste was performed by a Burch-
field test, using Burchfield reagent 1 [36, 37] and by FTIR
spectroscopy.

Reagent 1 was used for the Burchfield test, which consists
of: 1 g of paradimethylaminobenzaldehyde, 0.01 g hydro-
quinone, and 100 ml of absolute methyl alcohol, to which
5 ml of concentrated hydrochloric acid, were added. Two test
tubes, specimen and condensing, were used for identifying
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the type of rubber. About 0.5 g of ground rubber waste were
placed in the first test tube, and 2 ml of Burchfield reagent
1 was added to the second test tube. The test tube with rub-
ber was heated by flame. The decomposition vapors reached
the second test tube containing the Burchfield reagent 1,
through the condensation tube. An initial color modification
was observed, afterwards a double amount of methyl alcohol
was introduced into the test tube and heated at 100 °C for
3 min, when the final color was set in. The obtained result
was verified by FTIR spectroscopy.

Characterization of samples

The samples based on thermoplastic rubber and rubber
waste in powder form were characterized in terms of struc-
tural (FTIR analysis) and physical-mechanical properties, as
well as in terms of behavior after accelerated aging.

Fourier Transform Infrared Spectroscopy (FTIR) spectra
of samples were obtained using Nicolet iS50 FTIR spec-
trophotometer in the wave number ranging from 400 to
4000 cm™, using attenuated total reflection (ATR).

Tensile strength, modulus 100% (the stress under 100%
elongation), breaking elongation and residual elongation
tests were carried out according to the conditions described
in ISO 37, on dumb-bell shaped specimens of type 2. Tear-
ing strength tests were carried out using angle test pieces
(type II) according to ISO 34—1. Tests were carried out with
a Schopper1445 strength tester and the value of deforma-
tion rate for testing pieces has a magnitude of 500 mm/min.
The precision and the uncertainties of the test are + 0.64 for
tensile strength and +2.95 for elongation at break.

Hardness was measured in °Shore A using 6-mm-thick
samples, according to ISO 48-4 (the precision and the
uncertainties of the test are +0.05).

Resilience was determined according to ISO 4662 with a
Schob test machine using 6-mm thick samples.

Abrasion resistance was determined according to ISO
4649 by the cylinder method, using a force of 10 N. The
samples used were obtained from rolled and pressed mix-
tures, by cutting with a rotating die, and have cylindrical
shape, with a diameter of 16 mm and height of min. 6 mm.
Abrasion resistance was expressed by relative volume loss
in relation to calibrated abrasive paper:

V%200

My

AV [mmS] 3)
where V| is volume loss of testing sample in mm?® and mg 1s
weight loss of standard rubber in mg.

The densities of samples were measured according to

ISO 2781 (the precision and the uncertainties of the test
are +0.09).
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Accelerated aging trial was carried out according to
ISO188 using the hot air circulation oven method. Test dura-
tion was of 168 h and temperature of 70+ 1 °C. The results
were compared with those from samples not subjected to
aging.

Melt flow index (MFI) of the samples was measured by
means of an extrusion through a 2 mm die (capillary rheom-
eter—Melt Flow Index—Haake) at 180 °C, and a 5 kg force
was used, according to ISO 1133.

All measurements were repeated for minimum three
times.

Results and discussion

Characterization of rubber waste and modified
powder

Post-consumer vulcanized rubber waste has been cryo-
genically ground and chemically modified as described
in “Modification of the rubber waste”. Ground cryogenic
powder, whether or not chemically modified, was used as a
reinforcing filler to obtain the samples under study. For these
reasons, in order to be able to determine the way in which
it influences the physical and mechanical properties of the
obtained mixtures, it is necessary to know their composition
and to identify the elastomer in the waste. After performing
the methods of analysis described in “Methods of analysis
of post-consumer rubber waste”, the analyzed rubber waste
indicated an acetonic extract value of 13.45%, the amount of
ash was 30.4% and the elastomer identified by the Burchfield
test was styrene—butadiene rubber (SBR).

The value obtained from the acetonic extract was 13.45%
and according to the data from the literature [34], this rep-
resented: the content of free sulfur, resins, processing rub-
ber additives, mineral oil, fatty acids, antioxidants, waxes,
lubricants existing in the powder, organic accelerators and
their reactive product, etc.

The amount of ash obtained from the rubber waste was
30.4%, representing, according to the specifications of the
standard method, the percentage of inorganic compounds
in the powder such as metal oxides (zinc oxide, magnesium
oxide, titanium dioxide), inorganic dyes or inorganic fillers
(such as silicon dioxide) and other auxiliary additives. The
ash obtained is white with a few yellow particles and was
analyzed by FTIR spectroscopy (Fig. 1). The FTIR spectrum
shows an absorption band at 1070 cm™ specific to —Si-O-Si
stretching and the bands from 457 to 784 cm™' attributed
to —Si—O bending. It can be concluded that the ash con-
sists mainly of silicon dioxide, i.e., an active filler widely
used in the rubber industry. The 457-784 cm™! bands may
overlap with specific bands of polysulphides (S-S stretch),
aryl disulphides (S-S stretch) or disulphides (S-S stretch),
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Fig. 1 FTIR spectrum for inorganic filler from rubber waste (ash analysis)

which may indicate that for the rubber mixture in the waste,
vulcanization was performed with sulfur and vulcanization
accelerators [38].

The Burchfield test 1 was used to identify the elastomer in
the rubber waste, in which the initial color obtained was light
green-yellow and the final color was dark green. According
to the specifications in the literature [36, 37], the elastomer
identified in the waste was styrene—butadiene rubber (SBR).

FTIR spectroscopy was used to verify the type of rubber
obtained by the Burchfield test. Figure 2 shows the FTIR
spectrum of rubber powder without/with 5% PDMS, respec-
tively. Analyzing the resulting FTIR spectra, the existence of
the bands corresponding to polybutadiene and polystyrene
in the SBR rubber is observed, namely: (1) styrene-specific
bands such as the absorption band specific to monosubsti-
tuted benzene group—deformation vibration of (C—H) from
the benzene nucleus, C=C of the benzene ring or C—H of
the methyl or methylene group, from 699, 1539 cm™! and
1451 cm™!, (2) butadiene-specific absorption bands such
as those from 910, 964 cm™!, due to 1.4 trans C-H, or
those from the 2917 and 2848 cm™! peaks are attributed
to —CH,— methylene asymmetric stretching and symmetric
stretching, respectively; (3) the bands specific to the sulfur
bridges due to rubber vulcanization, or due to the precipi-
tated silica filler, but there is a shift of the absorption bands

observed for the ash from the rubber waste shown in Fig. 1,
these indicating the appearance of Si—C, Si—-O-C, C=S
bonds between the active filler, the vulcanizing agent and the
SBR elastomer, respectively [38, 39]. For white rubber pow-
der treated with 5% PDMS, the following can be observed:
(a) the appearance of a band at 1260 cm™! corresponding to
the deformation vibration of the C-H bond in Si(CHj),, (b)
the appearance of the 800 cm™! band specific to the Si—C
and C—H bond, and (c) modification of the 1085 cm™' band
corresponding to the Si—O-C bond [40, 41].

Characteristics of plastograms

The samples were obtained on Plasti-Corder Brabender
internal mixer, which records the variation of torque and
temperature versus time.

The variation of the torque over time when making the
mixtures (Fig. 3) indicates that for all the mixtures made
there is an increase of the torque when increasing the rota-
tional speed from 30 to 80 rpm, after which the torque
decreases. The temperature during the process of obtaining
the mixtures (Fig. 4) decreases initially as a result of intro-
ducing the ingredients in the mixer at room temperature,
after which it increases due to the existing temperature in
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Fig. 3 Variation of torque versus time when obtaining the mixtures
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Table 2 The characteristics

" Sample code Specific energy, Fusiontime,  Gelling rate, Torque variation  Temperature
recorded on Pljastl—Cordf:r. [kNm/g] [seconds] [Nm/min.] range, [Nm] variation range,
Brabender during the mixing [°C]

Control (M) 0.3 122 243.1 31.1-95.1 97-163
A20 0.4 88 310.8 42.8-87.7 99-165
A20+5P 0.3 94 307.7 8.6-54.6 103-156
PT/A20+ 5P 0.3 70 58.2 20.7-55.3 108-156

the mixing chamber (150 °C) and due to the increase of the
shear moment inside the mixing chamber.

Table 2 shows the parameters recorded during the process
of obtaining the mixture. A decrease in maximum torque
can be observed for samples containing PDMS-treated rub-
ber powder with 5% PDMS, which indicates that PDMS
acted as a plasticizer. Melting time and gelling rate were
lower in the PT/A20 + 5P mixture due to crosslinking and
grafting reactions occurring in the presence of peroxide and
crosslinking coagent.

FTIR spectra of samples

Figure 5 shows the FTIR spectra of the control sample (M)
compared to sample A20 (which has an additional 20%

white powder). According to the spectrum, it is observed
that in the A20 sample there are additional bands specific
to the precipitated silica-type filler or to the sulfur bonds
existing in the powder. The absorption bands at 965 cm™!
indicating 1.4 trans polybutadiene and those at 697 cm™!
indicating polystyrene (CH in the benzene nucleus) overlap,
which could indicate similar compositions in terms of the
proportion of polybutadiene and the polystyrene, respec-
tively, in the two types of samples, the control (which con-
tains a thermoplastic SBS elastomer) and the A20 sample,
which together with the thermoplastic SBS elastomer matrix
has a quantity of 20% of SBR rubber powder vulcanized
with sulfur and reinforced with precipitated silica [38, 41].

Figure 6 shows the corresponding bands of the FTIR
spectra of sample A20+ 5P and sample PT/20 +5P. A

-Control sample (TR)
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040
035
030

025

(=]
N
(2]
N

020

Absorbance

015
010

006

0.0

N~
[e2]
©
wn
(]
(o]
[V
2 S
Q| [o)]
© © o]
N Y}
‘o]
N~
[ce]

Fig.5 Spectra of control sample and sample A20
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Fig.6 FTIR spectra of sample A20+ 5P and sample PT/20+ 5P

change in the FTIR spectrum can be seen in the sample in
which the grafting and crosslinking with peroxide was per-
formed in the presence of the crosslinking coagent in the
section 900—-1493 cm™!, that corresponds to both double
bonds in the benzene ring (1493 and 1451 cm™) as well as
the double bonds corresponding to polybutadiene, namely at
910 cm™! and 965 cm™!, indicating that the crosslinking and
grafting take place by breaking some double bonds [38—42].

Physical-mechanical characteristics

The physical-mechanical characteristics of the mixtures in
normal state and after accelerated aging are presented in
Fig. 7a—f.

Hardness (Fig. 7a): the analysis of the samples shows
increases from 64° Shore A (sample M) to 67-68° Shore A
(samples A20 and A20+ 5P) by introducing into the mixture
the rubber powder. This increase can indicate its reinforcing
action, which can be determined by the amount of active
filler it contains [43, 44]. An increase of 75° Shore A is
observed for the sample which was grafted and crosslinked
with peroxide as a result of the increase in crosslinking den-
sity [45, 46]. After accelerated aging for 168 h at 70 °C, the
hardness increases by 2-4° Shore A, a variation that falls
within most product standards, and which shows the stability
of the sample under accelerated aging conditions.

Elasticity (Fig. 7b) increases from 12 to 14% by adding
vulcanized rubber powder (indicating that the powder plays

the role of an elastic filler), and by crosslinking and grafting
a significant increase in elasticity is observed (at 26%) as a
result of the formation of a three-dimensional network and
the formation of C—C type bonds both between the chains of
the TR thermoplastic elastomer and between the latter and
the vulcanized rubber powder [46]. After accelerated aging,
a 15% decrease in elasticity is observed only for the PT/
A20+ 5P sample, which may indicate a slight degradation.
Modulus 100% (Fig. 7¢) and tensile strength (Fig. 7d)
increase by adding rubber powder as a result of reinforcing
mixtures, but the increase in these values is much higher
(increase of 206% for modulus 100 and 22% for tensile
strength) for the crosslinked and peroxide-grafted sample,
due to improved adhesion between the two phases and the
formation of crosslinking and grafting bonds [38]. The mod-
ulus 100% shows an increase of 2.94—-18.5% and the tensile
strength a variation between —13.78 and + 12.55% after
testing the accelerated aging samples, which may indicate
an increase in the crosslinking density of the composite by
maintaining a temperature of 70 °C for a long time.
Elongation at break (Fig. 7e) shows a decrease of 21% by
the introduction of treated/untreated rubber powder, respec-
tively, and decreases significantly (from 580 to 180%) due
to crosslinking and grafting (see sample PT/A20 + 5P) indi-
cating a movement restriction of the polymer chains when
applying a force by loading, and by grafting and crosslink-
ing, respectively [46—48]. There is a decrease in elongation
at break of 8.7-26% for the M, A20 and A20+ 5P samples
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and an increase of 33% for the crosslinked and grafted sam-
ple in dynamic regime, after the accelerated aging test.

Tear strength has values of 21.9-24.9 N/mm, varies
with (=) 0.45 — (+) 3.18% by adding rubber powder, and
increases by 13.18% for the crosslinked and grafted mixture.
After accelerated aging testing, the values of tear strength
show a decrease between 4.55 and 12.96%. The reductions
on elongation at break and tear strength may be caused by
further crosslinking of the samples after they were exposed
to the heat aging [45, 49].

With the exception of elongation at break, the variation
of the physical-mechanical characteristics of the samples
tested at accelerated aging is below +25%, indicating the
stability of the samples to aging.

The density of the samples (Table 3) is increased by the
addition of rubber powder which has a higher density than
the control sample. The sample, which contains function-
alized powder and is crosslinked, is noted to have highest
density.

Abrasion resistance (Table 3) has very good values,
below 215 mm?, but the best value was obtained for the
unloaded sample (control). It is observed that by filling, this
property worsens, which may be due to both the dispersion

and the size of the rubber powder particles, as well as the
rigidity of the material [49-51].

The melt flow index at 180 °C with a weight of 5 kg
(Table 3) decreases from 56.6 g/10° for the control sample,
to 31.2 g/10 min. for the sample with 20% rubber powder
(A20 sample), and to 39.7 g/10 min for the A20+ 5P sample
(sample containing powder with 5% PDMS), respectively.
The crosslinked and peroxide-grafted sample did not flow
under the conditions presented due to the three-dimensional
network formed, but the plates or finished products can be
processed by modeling at high temperature according to the
procedure presented to obtain the specimens, thus eliminat-
ing the vulcanization operation specific to elastomers, during
which many toxic gases are released [52].

Improving the physical-mechanical properties by adding
vulcanized rubber powder indicates a good compatibility
between the two polymer phases. This may be due to the
fact that the base elastomer in the polymer matrix (SBS)
has a similar structure to that of the elastomer identified
in rubber powder (SBR), as can be seen in Fig. 8. The dis-
perse phase in the polymer matrix contains a large amount
of active filler such as precipitated silica (ca. 30%), which
contributes, along with the vulcanized SBR elastomer, to

Table 3 Values of density,

. . Characteristics
resistance to abrasion and melt

Sample code

flow index for tested samples M A20 A20+5P PT/A20+5P
Density, g/cm? 1.03+0.11 1.06+0.09 1.05+0.07 1.07£0.05
Resistance to abrasion, mm? 192.17+0.8 203.77+1.1 213.14+0.9 209.18+0.5
MFI, g/10 min. at 180 °C with 56.6+1.1 31.2+0.9 39.7+0.8 -
5 kg weight
Fig. 8 Structural forms of SBS
a and SBR b elastomers | CH; CH— CH> CH —CH CH> T CHz CH j
b c
a
a. SBS
~+—CH,—CH — CH——CH; —++CHyr—CH—
\ g \ /
b. SBR
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reinforcing the mixture and therefore, to improving physi-
cal-mechanical characteristics.

Conclusions

For the superior recovery of post-consumer rubber waste,
the waste was processed and analyzed in order to determine
its composition. From the FTIR spectroscopy analysis, but
also from the Burchfield test, it was observed that the rub-
ber powder is based on SBR rubber. It is filled with silicon
dioxide according to the ash analysis and FTIR characteri-
zation, and is crosslinked with sulfur. The waste was cryo-
genically ground to a 45-mesh size, for use as a filler in a
thermoplastic matrix. In order to obtain composites with
appropriate characteristics, with a good adhesion between
the thermoplastic matrix and the rubber powder filler, a
TR thermoplastic elastomer (based on SBS) was selected
as the thermoplastic matrix. In addition, the rubber pow-
der was plasticized with PDMS in order to improve the dis-
persion of the rubber powder in the polymer matrix. The
samples were tested using an internal mixer at temperatures
of 135-165 °C and rotational speeds of 30-80 rpm. They
were characterized from a structural and physical-mechani-
cal point of view, according to the standards in force. The
analyses highlighted the formation of Si-O—-C bonds, or the
detachment of some double bonds, indicating the formation
of some bonds between the powder filler and the elastomer,
and the formation of a crosslinked network, respectively.
At the same time, by adding SBR rubber powder to the
TR thermoplastic matrix, the hardness and elasticity were
improved. By crosslinking and grafting in a dynamic mode,
a significant improvement of hardness, elasticity, but also
of tensile strength is observed. From the variation of the
physical-mechanical characteristics of the tested samples
at accelerated aging it was observed that the samples show
a good stability to aging. The samples obtained have a very
good abrasion resistance (below 215 mm?).

The resulting polymer composites can be processed by
methods specific to plastics, post-consumer waste can be
reintroduced into the technological flow, and the physi-
cal-mechanical properties make them suitable for making
consumer goods for various applications.

Funding This research was funded by the Romanian Ministry of
Research, Innovation and Digitalization through Nucleu Program,
PN 19 17 01 03/2019 project and by the LIFE Program in the frame
of LIFEGREENSHOES4ALL (LIFE17 ENV/PT/000337) project.

Declarations
Conflict of interest The authors declared no potential conflicts of inter-

est with respect to the research, authorship, and/or publication of this
article.

@ Springer

References

1. Kauffman GB (2001) Charles Goodyear (1800-1860), Ameri-
can Inventor, on the Bicentennial of His Birth. Chem. Educator
6:50-54. https://doi.org/10.1007/s00897000443a

2. Goodyear, C., (1844) Improvement in India-Rubber Fabrics, US
3,633A

3. De SK, White JR (2019) Tlenkopatchev, Selena Gutiérrez,
Metathesis reaction from bio-based resources: synthesis of diols
and macrodiols using fatty alcohols, p-citronellol and natural rub-
ber. Polymer Degrad Stab 166:202-212

4. Martinez A, Tlenkopatchev MA, Gutiérrez S, Burelo M, Vargas
J, Jiménez-Regalado E (2019) Synthesis of unsaturated esters by
cross-metathesis of terpenes and natural rubber using Ru-alky-
lidene catalysts. Curr Org Chem 23(12):1354-1362. https://doi.
org/10.2174/1385272823666190723125427

5. Datta S (2001) Chapter 3. Synthetic elastomers. In: De Sadhan K,
White JR (eds) Rubber technologist’s handbook. Rapra Technol-
ogy Limited, Shrewsbury, pp 347-386

6. Volintiru T, Ivan Gh (1974) Technological Bases for Processing
Elastomers. Technical Press, Bucharest

7. Isayev Al (2001) Chapter 15. Rubber recycling. In: De Sadhan K,
White JR (eds) Rubber technologist’s handbook, Rapra Technol-
ogy Limited, Shrewsbury, pp 511-547

8. Chittella H, Yoon LW, Ramarad S, Lai Z-W (2021) Rubber waste
management: a review on methods, mechanism, and prospects.
Polym Degrad Stab 194:109761. https://doi.org/10.1016/j.polym
degradstab.2021.109761

9. ETRMA - European Tyre & Rubber Manufacturers’ Association
(Belgium), (2010). A Valuable Resource with Growing Potential
2010 edition. <http://www.etrma.org/default.asp> (May 2011)

10. Sienkiewicz M, Kucinska-Lipka J, Janik H, Balas A (2012) Pro-
gress in used tyres management in the European Union: a review.
Waste Manag 32:1742—1751. https://doi.org/10.1016/j.wasman.
2012.05.010

11. Sienkiewicz M, Janik H, Borzedowska-Labuda K, Kucinska-Lipka
J (2017) Environmentally friendly polymer-rubber composites
obtained from waste tyres: A review. J] Clean Prod 147:560-571.
https://doi.org/10.1002/pen.760330307

12. Oliphant K, Baker WE (1993) The use of cryogenically ground
rubber tires as a filler in polyolefin blends. Polym Eng Sci 33:166—
174. https://doi.org/10.1002/pen.760330307

13. Zafar, S., Crumb Rubber from Waste Tires (2018). Retrieved
October 3, 2018. https://www.cleantechloops.com/
what-is-crumb-rubber/

14. Mohajerani A, Burnett L, Smith JV, Markovski S, Rodwell G,
Rahman MT, Kurmus H, Mirzababaei M, Arulrajah A, Horpi-
bulsuk S, Maghool F (2020) Recycling waste rubber tyres in con-
struction materials and associated environmental considerations:
a review. Resour Conserv Recy 155:104679. https://doi.org/10.
1016/j.resconrec.2019.104679

15. Datta J, Wioch M (2015) Morphology and properties of recy-
cled polyethylene/ground tyre rubber/thermoplastic poly (ester-
urethane) blends. Macromol Res 23:1117-1125. https://doi.org/
10.1007/s13233-015-3155-5

16. Razmjooei F, Naderi G, Bakhshandeh G (2012) Preparation of
dynamically vulcanized thermoplastic elastomer nanocomposites
based on LLDPE/reclaimed rubber. J Appl Polym Sci 124:4864—
4873. https://doi.org/10.1002/app.35558

17. Vahidifar A, Esmizadeh E, Elahi M, Ghoreishy MHR, Naderi G,
Rodrigue D (2019) Thermoplastic vulcanizate nanocomposites
based on polyethylene/reclaimed rubber: a correlation between
carbon nanotube dispersion state and electrical percolation thresh-
old. J Appl Polym Sci 136:47795. https://doi.org/10.1002/app.
47795


https://doi.org/10.1007/s00897000443a
https://doi.org/10.2174/1385272823666190723125427
https://doi.org/10.2174/1385272823666190723125427
https://doi.org/10.1016/j.polymdegradstab.2021.109761
https://doi.org/10.1016/j.polymdegradstab.2021.109761
http://www.etrma.org/default.asp
https://doi.org/10.1016/j.wasman.2012.05.010
https://doi.org/10.1016/j.wasman.2012.05.010
https://doi.org/10.1002/pen.760330307
https://doi.org/10.1002/pen.760330307
https://www.cleantechloops.com/what-is-crumb-rubber/
https://www.cleantechloops.com/what-is-crumb-rubber/
https://doi.org/10.1016/j.resconrec.2019.104679
https://doi.org/10.1016/j.resconrec.2019.104679
https://doi.org/10.1007/s13233-015-3155-5
https://doi.org/10.1007/s13233-015-3155-5
https://doi.org/10.1002/app.35558
https://doi.org/10.1002/app.47795
https://doi.org/10.1002/app.47795

Structure and properties of blends based on vulcanized rubber waste and styrene-butadiene—styrene...

433

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Kiss L, Simon DA, Petreni R, Kocsis D, Barany T, Meszaros L
(2022) Ground tire rubber filled low-density polyethylene: the
effect of particle size. Adv Ind Eng Pol R 5:12-17. https://doi.
org/10.1016/j.aiepr.2021.07.001

Chiang TC, Liu HL, Tsai LC, Jiang T, Ma N, Tsai FC (2020)
Improvement of the mechanical property and thermal stability
of polypropylene/recycled rubber composite by chemical modi-
fication and physical blending. Sci Rep 10:2432. https://doi.org/
10.1038/s41598-020-59191-0

Pang AL, Ismail H (2014) Influence of kenaf form and loading
on the properties of kenaf-filled polypropylene/waste tire dust
composites: a comparison study. J Appl Polym Sci 131:2-7.
https://doi.org/10.1002/app.40877

Pang AL, Ismail H (2013) Tensile properties, water uptake, and
thermal properties of polypropylene/waste pulverized tire/kenaf
(PP/WPT/KNF) composites. BioResources 8:806-817

Halasz 1Z, Kocsis D, Simon DA, Kohari A, Barany T (2020)
Development of polypropylene-based thermoplastic elastomers
with crumb rubber by dynamic vulcanization: a potential route
for rubber recycling. Period Polytech Chem Eng 64:248-252.
https://doi.org/10.3311/PPch.13962

Wang Z, Zhang Y, Du F, Wang X (2012) Thermoplastic elas-
tomer based on high impact polystyrene/ethylene-vinyl acetate
copolymer/waste ground rubber tire powder composites compat-
ibilized by styrene-butadiene-styrene block copolymer. Mater
Chem Phys 136:1124-1129. https://doi.org/10.1016/j.match
emphys.2012.08.063

Stelescu MD (2013) Polymer composites based on plasticized
pvc and vulcanized nitrile rubber waste powder for irrigation
pipes. ISRN Mater Sci. https://doi.org/10.1155/2013/726121
Zuga D, Cincu C (2006) Polymer composites by reclaiming
rubber wastes resulting from finishing the rubberized rolls used
in printing industry. Sci Bull Politeh Univ Buchar Ser B Chem
mater sci 68(1):25-30

Bee ST, Sin LT, Hoe TT, Ratnam CT, Bee SL, Rahmat AR
(2018) Study of montmorillonite nanoparticles and electron
beam irradiation interaction of ethylene vinyl acetate (EVA)
devulcanized waste rubber thermoplastic composites. Nucl
Instrum Methods Phys Res Sect B Beam Interact Mater Atoms
423:97-110. https://doi.org/10.1016/j.nimb.2018.03.013
Ramarad S, Ratnam CT, Khalid M, Chuah AL, Hanson S (2017)
Improved crystallinity and dynamic mechanical properties of
reclaimed waste tire rubber/EVA blends under the influence
of electron beam irradiation. Radiat Phys Chem 130:362-370.
https://doi.org/10.1016/j.radphyschem.2016.09.023

Formela K, Hejna A, Zedler L, Przybysz M, Ryl J, Saeb MR,
Piszczyk L (2017) Structural, thermal and physico-mechanical
properties of polyurethane/brewers’spent grain composite foams
modified with ground tire rubber. Ind Crops Prod 108:844-852.
https://doi.org/10.1016/j.indcrop.2017.07.047

Rajeev RS, De SK (2004) Thermoplastic elastomers based on
waste rubber and plastics. Rub Chem Technol 77:569-578.
https://doi.org/10.5254/1.3547837

Crespo JE, Parres F, Nadal A (2010) Research into the influ-
ence of ground tire rubber (GTR) in the mechanical and ther-
mal properties of recycled thermoplastic materials. Mater wiss
Werkst 41:293-299. https://doi.org/10.1002/mawe.201000600
Orrit PJ, Mujal-Rosas MR, Rahhali A, Genesca MM, Fajula CX,
Punseti BJ (2011) Dielectric and mechanical characterization
of PVC composites with ground tire rubber. ] Compos Mater
45:1233-1243. https://doi.org/10.1177/0021998310380289
Formela K, Haponiuk JT, Stankiewicz P, Ryl J, Konska K (2013)
Effect of slightly crosslinked butyl rubber and compatibilizer
additives on properties of recycled polyethylene-ground tire rub-
ber blends. Przem Chem 92:444-449 (W0S:000319792500008)

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Magioli M, Sirqueira AS, Soares BG (2010) The effect of dynamic
vulcanization on the mechanical, dynamic mechanical and fatigue
properties of TPV based on polypropylene and ground tire rubber.
Polym Test 29:840-848. https://doi.org/10.1016/j.polymertesting.
2010.07.008

(2007) Test methods of rubber materials and products. Matador
Rubber S.R.O. https://docplayer.net/20749273-Test-methods-of-
rubber-materials-and-products-matador-rubber-s-r-o.html

Fazli A, Rodrigue D (2020) Recycling waste tires into ground tire
rubber (GTR)/ rubber compounds: a review. J Comp Sci 4:103.
https://doi.org/10.3390/jcs4030103

Verleye GAL, Roeges NPG, De Moor MO (2001) Easy Identifica-
tion of Plastics and Rubbers. Rapra Technology Limited Polestar
Scientifica, Exeter

Burchfield HP (1946) Qualitative spot tests for rubber polymers.
Rubber Chem Technol 19(3):832-843. https://doi.org/10.5254/1.
3543233

Coates J (2000) Interpretation of Infrared Spectra, A Practical
Approach. In: Meyers RA (ed) Encyclopedia of Analytical Chem-
istry. Wiley, Chichester, pp 10815-10837

Roy S, De PP (1992) Use of LDPE as matrix material in rubber
sample preparation for ir analysis. Polym Test 11(1):3. https://doi.
0rg/10.1016/0142-9418(92)90029-B

Silva AB, Chagas-Silva A, Florenzano H, Pissetti L (2016)
Poly(dimethylsiloxane) and poly[vinyltrimethoxysilane-co-2-
(dimethylamino) ethyl methacrylate] based cross-linked organic-
inorganic hybrid adsorbent for copper(Il) removal from aqueous
solutions. J Braz Chem Soc 27(12):1-11. https://doi.org/10.5935/
0103-5053.20160110

Ran R, Yu'Y, Wan T (2007) Photoinitiated RAFT polymerization
in the presence of trithiocarbonate. J Appl Polym Sci 105:398-
404. https://doi.org/10.1002/app.25581

Canto LB, Mantovani GL, de Azevedo ER, Bonagamba TJ,
Hage E, Pessan LA (2006) Molecular characterization of sty-
rene-butadiene-styrene block copolymers (SBS) by GPC, NMR,
and FTIR. Polym Bull 57:513-524. https://doi.org/10.1007/
$00289-006-0577-4

Khalaf ESA, Farag H, Abdel-Bary EM (2020) Mechanical and
physical characterizations of styrene butadiene rubber: bagasse
composites. J Rubber Res 23:23-31. https://doi.org/10.1007/
$42464-019-00032-9)

Liao XX, Wei YC, Zhang HF et al (2020) Effect of N N’-m-
phenylene bismaleimide on mechanical performance of waste rub-
ber powder sintered by high-pressure high-temperature method. J
Rubber Res 23:41-46

Stelescu MD, Airinei A, Manaila E, Craciun G, Fifere N, Var-
ganici C (2017) Property correlations for composites based on
ethylene propylene diene rubber reinforced with flax fibers. Polym
Test 59:75-83. https://doi.org/10.1016/j.polymertesting.2017.01.
017

Stelescu MD, Airinei A, Manaila E, Craciun G, Fifere N, Var-
ganici C, Pamfil D, Doroftei F (2018) Effects of electron beam
irradiation on the mechanical, thermal, and surface properties of
some EPDM/Butyl rubber composites. Polymers 10:1206
Stelescu MD, Airinei A, Grigoras C, Niculescu-Aron I-G (2010)
Use of differential scanning calorimetry (DSC) in the characteri-
zation of EPDM/PP blends. Int J Thermophys 31:2264-2274.
https://doi.org/10.1007/s10765-010-0872-z

Cristea M, Airinei A, Ionita D, Stelescu MD (2015) Relaxation
behavior of flax reinforced ethylene-propylene-diene rubber. High
Perform Polym 27:676-682. https://doi.org/10.1177/0954008315
585610

Ugbaja M1, Ejiogu KI, Dashe JD (2016) The Impact of the bark
of camel’s foot (piliostigmathonningii) on the physico-mechanical
properties of natural rubber vulcanizate. J Energy Environ Chemi-
cal Eng 1(1):19-23. https://doi.org/10.11648/j.jeece.20160101.13

@ Springer


https://doi.org/10.1016/j.aiepr.2021.07.001
https://doi.org/10.1016/j.aiepr.2021.07.001
https://doi.org/10.1038/s41598-020-59191-0
https://doi.org/10.1038/s41598-020-59191-0
https://doi.org/10.1002/app.40877
https://doi.org/10.3311/PPch.13962
https://doi.org/10.1016/j.matchemphys.2012.08.063
https://doi.org/10.1016/j.matchemphys.2012.08.063
https://doi.org/10.1155/2013/726121
https://doi.org/10.1016/j.nimb.2018.03.013
https://doi.org/10.1016/j.radphyschem.2016.09.023
https://doi.org/10.1016/j.indcrop.2017.07.047
https://doi.org/10.5254/1.3547837
https://doi.org/10.1002/mawe.201000600
https://doi.org/10.1177/0021998310380289
https://doi.org/10.1016/j.polymertesting.2010.07.008
https://doi.org/10.1016/j.polymertesting.2010.07.008
https://docplayer.net/20749273-Test-methods-of-rubber-materials-and-products-matador-rubber-s-r-o.html
https://docplayer.net/20749273-Test-methods-of-rubber-materials-and-products-matador-rubber-s-r-o.html
https://doi.org/10.3390/jcs4030103
https://doi.org/10.5254/1.3543233
https://doi.org/10.5254/1.3543233
https://doi.org/10.1016/0142-9418(92)90029-B
https://doi.org/10.1016/0142-9418(92)90029-B
https://doi.org/10.5935/0103-5053.20160110
https://doi.org/10.5935/0103-5053.20160110
https://doi.org/10.1002/app.25581
https://doi.org/10.1007/s00289-006-0577-4
https://doi.org/10.1007/s00289-006-0577-4
https://doi.org/10.1007/s42464-019-00032-9)
https://doi.org/10.1007/s42464-019-00032-9)
https://doi.org/10.1016/j.polymertesting.2017.01.017
https://doi.org/10.1016/j.polymertesting.2017.01.017
https://doi.org/10.1007/s10765-010-0872-z
https://doi.org/10.1177/0954008315585610
https://doi.org/10.1177/0954008315585610
https://doi.org/10.11648/j.jeece.20160101.13

434 M. D. Stelescu et al.

50. Hong CK, Kim H, Ryu C, Nah C, Huh YI, Kaang S (2007) Effect Publisher's Note Springer Nature remains neutral with regard to
of paticle size and structure of carbon blacks on the abrasion of jurisdictional claims in published maps and institutional affiliations.
filled elastomer compounds. J Mater Sci 42:8391-8399. https://
doi.org/10.1007/s10853-007-1795-3 Springer Nature or its licensor (e.g. a society or other partner) holds

51. Arayapranee W., Rubber abrasion resistance, abrasion resist- exclusive rights to this article under a publishing agreement with the
ance of materials, Dr Marcin Adamiak (Ed.), (2012). ISBN: author(s) or other rightsholder(s); author self-archiving of the accepted
978-953-51-0300—-4, InTech, Available from: http://www.intec manuscript version of this article is solely governed by the terms of
hopen.com/books/abrasionresistance-of-materials/abrasion-resis such publishing agreement and applicable law.
tance-of-rubber

52. Grady BP, Cooper SL, Robertson CG (2013) Thermoplastic elas-
tomers. In: Mark JE, Erman B, Michael Roland C (eds) The sci-
ence and technology of rubber, 4th edn. Elsevier, pp 591-652.
https://www.elsevier.com/books/the-science-and-technology-of-
rubber/mark/978-0-12-394584-6

@ Springer


https://doi.org/10.1007/s10853-007-1795-3
https://doi.org/10.1007/s10853-007-1795-3
http://www.intechopen.com/books/abrasionresistance-of-materials/abrasion-resistance-of-rubber
http://www.intechopen.com/books/abrasionresistance-of-materials/abrasion-resistance-of-rubber
http://www.intechopen.com/books/abrasionresistance-of-materials/abrasion-resistance-of-rubber
https://www.elsevier.com/books/the-science-and-technology-of-rubber/mark/978-0-12-394584-6
https://www.elsevier.com/books/the-science-and-technology-of-rubber/mark/978-0-12-394584-6

	Structure and properties of blends based on vulcanized rubber waste and styrene–butadiene–styrene thermoplastic elastomer
	Abstract
	Introduction
	Experimental
	Materials
	Modification of the rubber waste
	Obtaining compounds and testing specimens
	Laboratory tests
	Methods of analysis of post-consumer rubber waste
	Characterization of samples


	Results and discussion
	Characterization of rubber waste and modified powder
	Characteristics of plastograms
	FTIR spectra of samples
	Physical–mechanical characteristics

	Conclusions
	References




