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Abstract. Pyrolytic carbon black (CBp) and pyrolytic oil (Op) made from used tires were used in natural rubber (NR)/
styrene-butadiene rubber (SBR) blends. The effects of CBp and Op on the processing properties, the mechanical properties
and the dynamic mechanical properties of the NR/SBR blends were investigated and compared with a control sample that
was prepared with N550 and commercial process oil. It was found that the effect of CBp on the processing properties of the
NR/SBR blends was similar to that of N550. With the increase of the CBp content, the curing properties of the NR/SBR
blends changed little. The reinforcing effect of CBp was inferior to that of N550. With the increase of the CBp content, the
tensile strength, tear strength and modulus at 100% elongation of the NR/SBR vulcanizates decreased significantly.
Dynamic mechanical properties of the NR/SBR blends were also affected and all samples comprising CBp have a higher
tan ! than control sample. It is suggested that the low surface area and high ash content of CBp strongly effects all of these
property changes of the NR/SBR blends. The morphology and distribution of the carbon black particles are studied using a
scanning electron microscope. It was also found that with the increase of the Op content, the properties of the NR/SBR
blends were strongly affected due to the high sulfur content of Op, which produced a high crosslinking density.
Keywords: mechanical properties, pyrolytic carbon black, pyrolytic oil, cure characteristics, dynamical mechanical properties

1. Introduction

inorganic components [5]. This is another reason why
used tires are not easily recycled.
Over the years, different alternatives for tire recycling, such as repeated use (retreading), energy recycling (incineration) and grinding have been used, but
none of these applications are capable of totally eliminating the waste disposal problem while resulting in
adequate profitability. Tire pyrolysis, at present, is an
attractive and challenging area of research. The pyrolysis processing of used tires is considered to be an
environmentally acceptable and promising disposal
method with its high energy recovery and low pollution emission.

The disposal of used tires has become an important
issue worldwide and represents a major environmental problem. Therefore, the development of an efficient way to utilize rubber waste is an emerging economic and environmental task faced by the rubber
industry worldwide [1–4]. Rubber wastes are chemically crosslinked rubbers and are among the most
difficult materials to recycle because they will not dissolve or melt. Tires are a complex mixture of numerous different materials, which include several rubbers, carbon black, steel cord and other organic and
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Basically, the pyrolysis process is the thermal decomposition of organic wastes at high temperatures in an
oxygen-free environment. The pyrolysis process produces three different fractions: a solid fraction known
as char or pyrolytic carbon black (33–38 wt%), a liquid fraction known as pyrolytic oil (38–55 wt%) and
a gas fraction (10–30 wt%) [6].
Pyrolytic oil may be used as an industrial fuel after
extracting chemical materials. CBp can be used as a
filler in asphalt for rheological modification [7, 8].
There are several papers in the literature devoted to
the study of tire pyrolysis in liquids and pyrolytic
carbon black, and each presents its particular experimental procedure and characterization [6, 9–13]
but do not discuss using the products as a process oil
and reinforcement additive in rubber compounds,
which is focus of this study. In recent years, Du and
coworkers [14, 15], Cataldo [16] and Norris et al.
[17] tested CBp in new rubber compounds. Jie et al.
[18], Jie et al. [19] and Delchev et al. [20] investigated the modification of CBp and studied the effect
of modified CBp on the properties of NR and SBR
vulcanizates. There are fewer reports about Op used
in rubbers than about CBp [12, 21].
In this paper, we studied the characteristics of CBp
and Op and focused our efforts on the application of
CBp and Op in rubber compounds. Rubber compounds are made from a blend of NR/SBR by using
several additives. The effects of CBp and Op on the
processing properties of NR/SBR compounds and
the mechanical and dynamical mechanical properties of NR/SBR vulcanizates were systematically
studied and compared with those of commercial
carbon black and commercial processing oil.

plied by a local tire pyrolysis plant (Tam Rubber Co.,
Aksaray, Turkey). The CBp and Op were produced
from the used tires by using a fixed bed reactor at a
temperature of 500–550 °C in the supplying plant.
The CBp was used as a filler in the rubber compound formulation without removing ash or any
other purification. The determination of the ash content in CBp was determined according to ASTM
D1506. The elemental composition of the CBp was
determined by using a Thermo Scientific FLASH
2000 elemental analyzer. The surface area of the CBp
was measured using a BET (Brunauer, Emmett and
Teller) tester (Quantachrome NovaWin2). The physical properties of the pyrolysis oils were determined
according to standards for sulfur content (EN ISO
8754) kinematic viscosity (ASTM D445) and density (ASTM D5002).

2.2. Preparation of rubber compounds
The formulations of the compounds are presented
in Table 1. SBR and NR were used in the same ratio
(50/50 phr) in all formulations. The amounts of the
other additives (ZnO, stearic acid, CBS and sulfur)
in the formulations are based on 100 g of rubber.
NR/SBR, other additives and various proportions of
the CBp or Op were mixed for 15 minutes on an open
two-roll mixing mill at room temperature. The first
formulation, which is called the control sample,
does not contain CBp or Op. Original carbon black
and original process oil were partially replaced by
the CBp and Op in the other formulations, as shown
in Table 1. Samples were identified as PC and PO followed by the sample number, corresponding to the
introduction of pyrolytic carbon black and pyrolytic
oil, respectively. The cure characteristics of the rubber compounds were characterized using a rheometer, Beijing RADE MR-C3, at 170 °C.

2. Experimental
2.1. Materials and characterization

The styrene butadiene rubber (SBR 1502; bound
styrene (wt%), 22.5, Mooney Viscosity (ML 1+4) at
100 °C, 52), the natural rubber SIR20 (NR) and
other curing ingredients (Sulfur, N-Cyclohexyl-2benzothiazolesulfenamide (CBS), zinc oxide (ZnO)
and stearic acid) used in this study, were supplied
from Yuksel Rubber Co., Ltd., Konya, Turkey, these
ingredients were produced by Bayer AG (Germany).
The original carbon black (N550) used in this study
was supplied by Tupras Co., Turkey. Octobus N821
used as an original process oil was supplied from
Petroyag Chemicals Co., Kocaeli, Turkey. Pyrolytic
carbon black (CBp) and pyrolytic oil (Op) were sup-

2.3. Measurement of mechanical properties
The tensile properties of the NR/SBR vulcanizates
were measured with a Shimadzu AG-IC tensile testing machine, according to ASTM D412, at a testing
speed of 500 mm/min. Dumbbell-shaped specimens
were punched from compression-molded sheets.
The tear strength was tested according to ASTM
D624 C with a Gibitre (Tensor Check Profile PC) tensile testing machine. The compression set test was
carried out at 100 °C for 24 h, in agreement with
ASTM D395-03. The Shore A hardness was measured according to ASTM D 2240. At least three or
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Table 1. Formulations of the rubber compounds
Sample code/Ingredients (phr*)
NR/SBR
Carbon black (N550)
Pyrolytic carbon black (CBp)
Process oil
Pyrolytic oil (Op)
ZnO
Stearic acid
CBS
Sulfur

Control
50/50
50
0
20
0
3
1
1.8
1.75

PC1
50/50
43.75
6.25
20
–
3
1
1.8
1.75

PC2
50/50
37.5
12.5
20
–
3
1
1.8
1.75

PC3
50/50
25
25
20
–
3
1
1.8
1.75

PC4
50/50
0
50
20
–
3
1
1.8
1.75

PO1
50/50
50
–
17.5
2.5
3
1
1.8
1.75

PO2
50/50
50
–
15
5
3
1
1.8
1.75

PO3
50/50
50
–
10
10
3
1
1.8
1.75

PO4
50/50
50
–
0
20
3
1
1.8
1.75

*

parts per hundred rubber

five samples for each composition were tested, and
the average values are reported.

Table 2. Characteristics of pyrolytic carbon black and commercial carbon black

2.4. Dynamic mechanical analysis (DMA)
The dynamic mechanical properties of the NR/SBR
vulcanizates were measured with a Perkin Elmer
DMA7e in tension mode. The frequency used in
this experiment was 1 Hz, with a temperature range
from –90 to 60 °C and a heating rate of 5 °C/min.

CBp
N550

Specific surface area
[m2/g]
30.4
42

Ash Sulfur
C
[%]
[%]
[%]
15.36
1.45 79.15
0.2
0.5
92.36

H
[%]
4.91
–

Table 3. Characteristics of pyrolytic oil and commercial oil
Specific gravity Kinematic viscosity Sulfur
[g/cm3], at 15 °C [mm2/s], at 100 °C [%]

2.5. Morphology
The morphology of the original carbon black and
CBp surfaces and the fracture surfaces of the NR/
SBR vulcanizates that were fractured in liquid nitrogen were evaluated with a Fei Quanta 250 FEG scanning electron microscope (SEM). Prior to this operation, the specimens were coated with a thin gold
layer.

Op
Octobus N821

0.937
0.908

0.86
8.8

2.1
<0.01

surface by carbonaceous deposits [22, 23]. The sulfur
content of approximately 1.45% is consistent with literature [6, 13, 24] reports. The residual S in CBp was
attributed to the sulfur in the recipe of the tires.
In addition to the ash content and surface area, the
surface morphology also plays an important role in
the characterization of the carbon black. SEM photos of N550 and CBp are shown in Figure 1a and 1b.
The surface morphology of the commercial carbon
black shows a rough surface. CBp has a smooth surface due to the deposition of ash and carbonaceous
deposits on the surface [22, 23].
The pyrolytic oil was characterized, and the results
are presented in Table 3. The specific gravity of Op
was found to be higher and the viscosity lower than
that of commercial oil. As expected, the sulfur
amount in Op was higher than that of commercial oil.
This may be explained based on the high content of
sulfur in the vulcanization recipe.

3. Results and discussion
3.1. Characterization of the pyrolytic carbon
black and pyrolytic oil

The most important characteristics of the CBp produced by the tire pyrolysis plant are given in Table 2.
An important difference between N550 and CBp is
the high ash content, which includes inorganic components. The ash content of CBp is 15.36%, which
is much more than that of N550. The most important sources of the inorganic components in CBp are
usually ZnO and S, which are used as a curing catalyst and curing agent, respectively, and sometimes
mineral fillers or additives such as SiO2 and Al2O3.
The composition of the inorganic components in the
CBp also depends on the pyrolysis conditions and
the quality of the tire feed. The surface area of N550
and CBp was 42 and 30.4 m2/g, respectively. The
lower surface area of the CBp was most probably
due to a blockage of a portion of the carbon black

3.2. Cure characteristics
The vulcanization curves of the NR/SBR compounds
with the additions of CBp and Op are shown in Figure 2a and 2b, respectively. There exist three regions
along the vulcanization curves of the compounds
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Figure 1. SEM photographs of (a) N550 (b) CBp

containing CBp. The first region is the scorch delay,
an induction region during which the majority of
the accelerator reactions occur. In this region, the
scorch time (ts2) of the compounds was little or not
affected by the addition of the CBp. The minimum
torque (ML), measure of the rubber’s resistance to
flow during processing increased slightly with the
addition of 50 phr CBp. This indicates that the processing of rubber compounds containing only CBp
was more difficult than for blends containing commercial carbon black. The second region is the curing
reaction period. The optimum cure time (t90), the
vulcanization time required to obtain a product with
optimum physical characteristics, slightly decreased
with the addition of CBp. With the use of only CBp,
t90 has the lowest value. This is probably due to the
some sulfur content of the pyrolytic carbon black.
The final region of the vulcanization process is
dependent on the crosslink network stability. The
modulus can reach a stable plateau (ideal), it can continue to increase (marching modulus), or it can
decline (cure reversion). During this period, with the

increase of the CBp content, the maximum torques
of the SBR/NR compounds, which are the measure
of the compound’s final stiffness, are lower than that
of the control sample. This should be attributed to the
poor reinforcing effect of the CBp in NR/SBR compounds, associated with its smaller surface area [25].
The effect of the Op on the vulcanization curves of
the NR/SBR compounds is different from that of
CBp, as shown in Figure 2b. The vulcanization
curves also have three regions, as in Figure 2a, but
the scorch time, optimum cure time, minimum torque
and maximum torque of the compounds was significantly affected by the addition and increases in the
amount of Op. ts2 and t90 decreased, while ML and
MH increased. The decreases of ts2 and t90 may be
because the content of sulfur in Op is higher than
that of the original process oil. The Op can be considered as the sulfur donor, so that the formation of
sulfur cross-links was accelerated. The vulcanization process occurs more rapidly when pyrolytic oil
is used, as was reported earlier [12]. The increasing
of MH may indicate that NR/SBR compounds loaded

Figure 2. Effects of the (a) CBp and (b) Op on the vulcanization curves of the NR/SBR compounds
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with Op tend to become stiff due to the high crosslinking density produced by sulfur curing.

that the degree of reinforcement increases with a
decrease in particle size or an increase in surface
area [25]. As the surface area of the carbon black
increases, the degree of entanglement between the
rubber chains and carbon black particles as well as
the degree of crosslinking increases [27, 28]. Therefore, the surface area of carbon black is of great
importance for the density of the physical crosslinking. Additionally, in filled rubbers, the fillers act as
stress concentrators. The smaller the particle size of
the fillers, the more efficient will be the stress transfer from the matrix to the fillers. [25, 29]. Hence, it
is understandable that the development of a large
polymer-filler interface is the most important factor
for the degree of reinforcement provided by the
filler [28].
Another factor that may explain the insufficient reinforcing effect of CBp is the high ash content of the
pyrolytic carbon black, which limits its use as a reinforcement filler for rubber manufacturing. This
means that the real amount of carbon black added to
the rubber vulcanizates is only a part of that used in
the reference compound filled with N550. The ash
content also leads to a low structure, which is the
other parameter that affects the reinforcing properties of carbon black in a rubber recipe [16]. There-

3.3. Mechanical properties
The mechanical properties of the NR/SBR vulcanizates are summarized in Table 4 and 5. CBp and
Op showed different effects on the mechanical properties for NR/SBR vulcanizates.
With the increase of the CBp content, all of the properties of the NR/SBR vulcanizates (tensile strength,
elongation at break, modulus, tear strength and hardness) except for compression set are decreased. At
the higher levels, the CBp (50 phr) gives a larger drop
in the mechanical properties relative to the commercial carbon black. The compression set, a measure of the material’s elasticity after a prolonged
action of compression, gradually increased with the
addition of CBp. There are several reasons for these
results, such as the surface area and ash content of the
pyrolytic carbon black. All of these parameters play
a role in rubber reinforcement through different
mechanisms such as interfacial interaction between
the carbon black and rubber [25, 26]. The measurement of the surface area has been shown to be lower
for CBp than for N550 carbon black (approximately
30.4 m2/g versus 42 m2/g for N550). It is well known

Table 4. Effects of pyrolytic carbon black content on mechanical properties of NR/SBR vulcanizates
Pyrolytic carbon black
Elongation at break
Tensile strength
100% Modulus
200% Modulus
300% Modulus
Hardness (Shore-A)
Tear strength
Compression set
Density

[phr]
[%]
[N/mm2]
[N/mm2]
[N/mm2]
[N/mm2]
[N/mm]
[%]
[g/cm3]

Control
0
664.31
10.91
1.68
3.04
4.62
52
36.9
31
1.09

PC1
6.25
570.28
6.37
1.45
2.49
3.50
51
28.8
34
1.1

PC2
12.5
548.63
5.53
1.42
2.34
3.20
49
25.6
34
1.08

PC3
25
539.82
5.13
1.35
2.21
2.88
45
22.7
35
1.06

PC4
50
514.17
2.03
0.82
1.23
1.45
42
14.3
41
1.05

PO3
10
770.02
9.65
1.51
2.76
3.89
62
26.6
36
1.11

PO4
20
732.67
11.90
2.20
3.96
5.62
58
46
35
1.08

Table 5. Effects of pyrolytic oil content on mechanical properties of NR/SBR vulcanizates
Pyrolytic oil
Elongation at break
Tensile strength
100% Modulus
200% Modulus
300% Modulus
Hardness (Shore-A)
Tear strength
Compression set
Density

[phr]
[%]
[N/mm2]
[N/mm2]
[N/mm2]
[N/mm2]
[N/mm]
[%]
[g/cm3]

Control
0
664.31
10.91
1.68
3.04
4.62
52
36.9
31
1.09
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PO1
2.5
697.10
10.41
1.72
3.05
4.47
54
35.1
32
1.08

PO2
5
748.69
10.29
1.74
2.97
4.31
55
34.3
32
1.07
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effect of CBp. The mechanical loss tangent (tan !) is
the ratio between the dynamic loss modulus (E!) and
the dynamic storage modulus (E") (tan ! = E!/E"). It
naturally represents the macromolecular mobility of
the chains and the polymer phase transitions [31–33].
It is accepted that a higher tan ! indicates greater
mechanical losses, which are related to the high
energy input required for the motion of the molecular chains of the polymer as the transition is
approached [34, 35].
Figure 3a shows the effect of CBp loading on tan !
as a function of the test temperature. It is well known
that the tan ! peak corresponds to the glass transition
temperature (Tg). It can be seen that tan ! shows a
peak at temperatures between –60 and –10 °C,
known as a transition region. By incorporating CBp,
the height of the tan ! peak and the glass transition
temperature change slightly due to the rubber-filler
interaction. It is well known that the rubber-filler
interaction increases with the increasing surface
area of carbon black, reducing the chain mobility and
transferring less mechanical energy to the rubber molecules, so that tan #max decreases [36]. The tan! first
increased and then decreased by increasing the CBp
level, but all samples comprising CBp have a higher
tan! than control sample. The results also suggest that
increasing the CBp content causes a decrease in the
elastic behavior (increased tan #max) due to the
decreased real amount of carbon black upon increasing the CBp content. The storage moduli were
effected by the amount of CBp added as shown in
Figure 3b. Accordingly [37], the hydrodynamic reinforcement occurs in the rubber composites filled
with the conventional fillers such as CB, giving rise to
an increase in the modulus in polymer matrix. The
storage modulus (E") values decreased with the

fore, the reinforcement effect of CBp is lower compared with that of commercial carbon black. These
results are supported by SEM images of the carbon
blacks and the fracture surface of the vulcanizates
(Figures 1 and 5).
On the other hand, the mechanical properties of NR/
SBR vulcanizates obtained from Op loading are quite
different from those obtained using CBp, as shown in
Table 5. The tensile strength, modulus and tear
strength decreased at the loadings of 2.5, 5 and
10 phr, but all of these properties increased remarkably with a loading of over 10 phr. In contrast, the
elongation at break, hardness and compression set
first increased and then decreased with the additional Op loading. It is well known that the softening effect of process oils leads to improved processing through easier filler incorporation and dispersion, enabling lower processing temperatures and
better flow properties [30]. In our opinion, the change
in the mechanical properties with the increase of Op
content is due to the adverse influence on processing, such as difficult dispersion, slow filler incorporation and inferior flow, due to the low level of purity
of Op. However, with the addition of 20 phr Op, the
mechanical properties remarkably changed due to
the effect of the increasing crosslinking density in
the NR/SBR vulcanizates because of the high sulfur
content of Op. These results indicate that the
pyrolytic and commercial oils interfere with the vulcanized network in different ways. This result is supported by the prior work by Roy et al. [12], as well
as by the cure properties of NR/SBR compounds.

3.4. Dynamic mechanical properties
The dynamic mechanical behavior of the rubber
vulcanizates is the other indicator of the reinforcing

Figure 3. Effect of CBp on (a) tan ! and (b) storage modulus as a function of temperature for NR/SBR vulcanizates
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increasing CBp amount. This is due to the weaker
reinforcing effect of CBp than that of N550s in the
NR/SBR matrix as discussed earlier. The obtained
results for the dynamic mechanical properties of the
investigated NR/SBR vulcanizates can be explained
by the difference in the morphology, structure and
surface area of the two types of fillers.
The height of the tan ! peak decreased and the storage modulus (E") values increased as the Op content
increased (Figure 4a and 4b). The results suggest that
increasing the Op content caused an increase in the
elastic behavior. This is probably due to the increased
crosslinking density. The results obtained for the
dynamic mechanical properties of the investigated
NR/SBR vulcanizates containing Op can be explained
by the difference in the plasticizer effects of Op and
commercial oil.

In addition, the results of DMA testing of the rubber
compounds has also been shown to be a predictor of
the compound’s performance [38]. SBR/NR blends
are used in tire tread compounds for passenger car
due to the good wet traction and rolling resistance
[39]. Comparison of the tan ! values of the compounds from this study and other studies was given
in Table 6. A high tan ! at 0 °C is correlating with
good wet traction and a low tan ! at 60 °C correlating with low rolling resistance [40]. Generally, it is
difficult to obtain a high tan ! at 0 °C and at the
same time a low tan ! at 60 °C. Therefore, a balance
between the tan ! values at 0 and 60 °C may suggest
the suitable tire tread compound [40]. Both the tan !
at 0 °C and the tan ! at 60 °C are obtained in this
study is lower than commercial tire treads [38]. The

Figure 4. Effect of Op on (a) tan ! and (b) storage modulus as a function of temperature for NR/SBR vulcanizates
Table 6. Comparison of the tan ! values of the compounds
This study

SBR
NR
Carbon black
Silica
Pyrolytic carbon black (CBp)
Process oil
Pyrolytic oil (Op)
ZnO
Stearic acid
Sulfur
tan ! at 0 °C
tan ! at 60 °C
Ratio of the tan ! (0 °C)/tan ! (60 °C)

Waddel et al.,
Control
PC4
PO4
1990 [39]
Ingredients [phr]
50
50
50
50
50
50
50
50
50
–
50
45
–
–
–
–
–
50
–
–
20
20
–
9
–
–
20
–
3
3
3
3
1
1
1
1
1.75
1.75
1.75
1.6
Dynamic mechanical properties
0.138
0.136
0.155
0.139
0.090
0.097
0.115
–
1.53
1.40
1.35
–

*Terrill

Literature
Terrill et al., 2010 [38]*
Kim et al.,
2009 [41]
(3287)** (3229)** (3034)**
100
–
35
20
–
2
–
3
1.6
1
0.266
0.169
1.57

–

–

–

0.174
0.108
1.61

0.184
0.119
1.55

0.226
0.178
1.27

et al. [38], 2010, forty-eight commercial tire treads were investigated by authors for prediction of rolling resistance and wet traction. Three samples were given here.
**Barcode numbers are given by the authors.
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ratios of the tan ! (0 °C)/tan ! (60 °C) were obtained
in this study are well satisfied with the literature.

On the other hand, the quality of the carbon black
containing rubber is extremely dependent on the
degree of dispersion the carbon black particles
achieved inside the rubber matrix [43]. With the
increased CBp loading the fractured surfaces show
that the filler is nonuniformly dispersed in the NR/
SBR matrix, and the particle size distribution is
extended. These results, as seen from Figure 5, lead
to the low mechanical properties.

3.5. Morphology
Scanning electron micrographs of the fractured surfaces of rubber vulcanizates containing N550 and
CBp are shown in Figure 5. The carbon black mainly
exists as aggregates in the rubber matrix [42]. In the
SEM of all of the NR/SBR vulcanizates, carbon black
aggregates can be easily distinguished. The carbon
black aggregates for N550 have smaller sizes than
the CBp aggregates. As Table 2 demonstrates, N550
has a higher specific surface area than CBp. With the
increase of the CBp content, the interfaces between
the CBp aggregates and the NR/SBR matrix are
apparent. Desirable interaction between the molecules of rubber and carbon black does not exist
between the CBp and the NR/SBR matrix due to the
surface properties of CBp such as its surface area and
the ash on the surface. Hence, CBp has a weaker
reinforcing performance than that of N550s in the
NR/SBR matrix, which is in agreement with the
other conclusions from our experimental results.

4. Conclusions

In this work, the properties of the NR/SBR blends
with the addition of CBp or Op were studied. The
following conclusions can be drawn:
• The processability of the blends did not change
meaningfully with the increase of the CBp content.
However, the processability of the blends is significantly affected by the addition and increases in
the amount of the Op. ts2 and t90 were decreased
due to the high sulfur content of Op. Vulcanization reactions occurred more rapidly, and the high
sulfur content also affected ML and MH, which
increased due to the high crosslinking density.

Figure 5. SEM photographs of NR/SBR vulcanizates (a) control (b) PC2 (c) PC3 (d) PC4
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