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Abstract: Pyrolysis is an optimal thermochemical process for obtaining valuable products (char,
oil, and gas) from waste tires. The preliminary research was done on the three groups of samples
acquired by cutting the same waste tire of a passenger vehicle into cylindrical granules with a base
diameter of 3, 7, and 11 mm. Each batch weighed 10 g. The heating rate was 14 °C/min, and the
final pyrolysis temperature was 750 °C, with 90 s residence time. After the pyrolysis product yields
were determined for all of the three sample groups, further research was performed only on 3 mm
granules, with the same heating rate, but with altered final pyrolytic temperatures (400, 450, 500,
550, 600, 650, 700, and 750 °C). The results of this study show that thermochemical decomposition of
the waste tire sample takes place in the temperature range of 200-500 °C, with three distinct phases
of degradation. The highest yield of the pyrolytic oil was achieved at a temperature of 500 °C, but
further heating of volatile matters reduced the oil yield, and simultaneously increased the yield
of gas, due to the existence of secondary cracking reactions. The analysis of pyrolytic oil and char
showed that these products can be used as fuel.

Keywords: waste tire; pyrolysis; batch reactor; temperature; fuel

1. Introduction

There is a growing concern about waste tires since their annual increase is approxi-
mately 17 million tons on the global scale [1]. As some estimations show, this increment of
tire waste could be up to 1.2 billion tons annually, by the end of 2030s [2]. This represents
a potentially large environmental problem because of the vastly resilient nature of rubber
against physical, chemical, and biological waste treatments. Rubber tires are designed to
endure rough mechanical and weather conditions while remaining functional and undam-
aged among extreme settings, including the presence of microorganisms. This capacity of
heavy resistance is one of the main reasons why rubber is difficult to reutilize or process [3].

Tires are usually composed of natural rubber (NR) (20-25%), styrene-butadiene rubber
(SBR) (30-50%), butyl rubber (BR) (up to 30%), carbon black (CB) (around 30%), sulphur
(1-2.5%), and small quantities of organic and inorganic additives [4,5]. Due to the fact that
rubber tires contain a significant amount of carbon black, and have a heating value greater
than coal (approximately 35 MJ/kg), discovering a way to benefit from their great energetic
and raw material potential became the objective of many alternative fuel studies [6].

Until recently, two principal approaches to disposition of waste tires were landfilling
and incineration. However, since 1999, landfilling of this kind of waste has been banned
in the EU [7]. Additionally, incineration has not been shown to be an acceptable method
to treat waste tires due to toxic gasses emission (volatile organic compounds-VOC, CO,
COg,, dioxins, dioxin-like compounds,) and particulates [8]. In that respect, pyrolysis is
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considered to be one of the optimal approaches of decreasing, if not solving, waste tire
concern, since this disposal method allows for the retrieval of valuable products from used
tires: pyrolytic oil, which can be used as fuel, gas with high caloric value, which can further
fuel the pyrolytic process, and a residual char (solid residue) usable as a smokeless fuel,
carbon black, or activated charcoal [4,9].

The key process parameter that can be varied in pyrolysis is temperature [10-15].
Temperature affects the way the pyrolysis process takes place, the occurrence of certain re-
actions, and consequently, the amount and the composition of pyrolysis products. Several
studies [11,13,16-18] have indicated that 500 °C is the optimum temperature, at atmo-
spheric pressure, for achieving total tire conversion. At temperatures below 500 °C, tire
compounds such as NR, SBR, and BR still remain in the pyrolytic solid residue. Conversely,
an increase in the temperature could support an increase in the gas fraction yield on account
of the liquid fraction yield, which is conditioned by the occurrence of secondary cracking
reactions. Although the influence of the temperature on the yield of pyrolysis products has
been analyzed in many papers, a relatively small number of papers indicate an increase
in non-condensable gases with a decrease in oil yield, i.e., the occurrence of secondary
reactions [4,19-22]. In addition, there is a large difference in the obtained results, which
imposes the need for more experimental research in this field.

The main objective of this experiment was to determine the influence of temper-
ature on yield and composition of pyrolysis products, with other process parameters
remaining unchanged.

2. Materials and Methods
2.1. Description of the Experimental Plant

A schematic representation of the laboratory plant setting used for the pyrolysis of
waste tires is given in Figure 1, together with the depiction of measuring points (M.P.).
The specific construction of furnace and reactor allowed the examination of batch (non-
continuous) pyrolysis, combustion, and gasification processes with maximum reaction
temperature of 750 °C. The electric furnace was 410 mm high, with a 320 mm outer diameter
and a 150 mm inner diameter, and coated with insulating material (rock mineral wool).
Three separately controlled electric heaters with a total power of 5.4 kW surrounded the
furnace and heated the reactor vessel with the tested waste tire sample to the desired
temperature. The reactor vessel was 200 mm high and had an inner diameter of 72 mm.
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Figure 1. Scheme of a laboratory plant for pyrolysis [23]. 1—digital scale (M.P.1), 2-pyrolysis
reactor, 3-electric heaters, 4—reactor vessel, 5—N, cylinder with flowmeter, 6—thermocouple (M.P.2),
7—connection between scale and reactor vessel, 8—flexible teflon sheath, 9—tested sample of waste
tires, 10—temperature regulator sensor, 11—temperature regulator, 12—volatiles outlet, 13—cooler,
14—pyrolytic oil, 15—pyrolytic gas sampling (M.P.3).
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The laboratory plant setting had three measuring points (M.P.) and they consisted of
a digital scale Mettler P1000 for measuring the change of the sample mass (M.P.1), a digital
thermometer, Testo 925, with a probe type K (NiCr-Ni) for measuring the temperature
in the reactor vessel (M.P.2), and a gas analyzer, G 750 Polytector II, used to measure
the volume fraction of CHy, Hp, CO, and CO; at the plant outlet (M.P.3). The choice
of measuring points was made in such a way that it accurately depicts the state of the
measured parameters during the pyrolysis process.

2.2. Sample Preparation

The experiment was done on three groups of samples obtained from the waste
tire of a passenger vehicle. Samples were acquired by cutting the same waste tire into
three different sized cylindrical granules. The first waste tire sample (WTS1) consisted of
granules with a base diameter of 3 mm, the second waste tire sample (WTS2) included
granules with base diameter of 7 mm, and the third waste tire sample (WTS3) contained
granules with a base diameter of 11 mm. Granules in all samples had the same height
of 6 mm. Each sample weighed 10 g and did not contain wire components of the tires.
WTSI contained 334.4 granules with a total surface area of 236.4 cm?. WTS2 contained
61.4 granules with a total surface area of 128.3 cm?. WTS3 contained 24.9 granules with
a total surface area of 98.9 cm?. As each batch weighed exactly 10 g, one granule in each
batch was shorter as needed.

2.3. Experimental Procedure

Based on the previous research by the authors, presented in [24], 14 °C/min was
defined as the heating rate. The final pyrolysis temperatures were 400, 450, 500, 550, 600,
650, 700, and 750 °C. Residence time was the same in all experiments, 90 s, and the carrier
gas (Ny) flow rate was 0.54 L/min. During the heating process, the change in sample mass
(M.P.1) and the temperature in the reaction vessel (M.P.2) were measured simultaneously.
The measured data were used to plot the TG and DTG curves. Before the start of the
measurements, test measurements were performed and it was determined that the defined
flow rate of carrier gas does not affect the accuracy of the measurements. Volatile matters
released during the heating process were taken to a cooler, where condensable compounds
(i.e., pyrolytic oil) are condensed, and non-condensable gases (i.e., pyrolytic gas) were
further taken to a gas analyzer (M.P.3). At the end of the pyrolysis process, the mass of
separated pyrolytic oil was measured. Each measurement was repeated three times, and
before each measurement the reactor was purged by the flow of N, gas of 5 L/min for 5 min
to remove the air. Pyrolytic oils belonging to the same measurement group (measurement
group implies three measurements of the same sample type at the same final temperature,
e.g., three times WTS1 at 400 °C) are mixed and well homogenized before determining
the elemental composition and physical properties. For elemental composition and gross
calorific value, LECO CHN-600, LECO SC-132 automatic determiners, and LECO AC-300
automatic calorimetric bombs were used. Density, viscosity, flash point, pour point, and
GCV were the determined physical properties, using the following standard methods:
ASTM D189, ASTM D445, ASTM D92, ASTM D97, and ASTM D240, respectively.

3. Results and Discussion
3.1. Proximate and Ultimate Analysis of Samples

Proximate and ultimate analysis of the samples used in the experiment is given in
Table 1. The obtained values correspond to the values stated by other authors, which
confirms that waste tires are a suitable material for pyrolysis [12,19,25,26]. Furthermore,
the gross calorific value (GCV) of the tested samples was about 32 MJ/kg, which is signifi-
cantly more compared to the calorific value of biomass, or to the calorific value of most
coals [27-29], which, from the energy aspect, makes waste tires a respectable energy source
whose possibilities are worth exploring further.
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Table 1. Proximate analysis, ultimate analysis and calorific value of waste tire.

Proximate Analysis Ultimate Analysis Calorific Value
Moisture Ash Volatile Matter Fixed Carbon C H (o) N S GCV
wt. % wt.% wt.% wt.% wt.% wt.% wt.% wt.% wt.% MJ/kg
0.3 13.2 61.0 25.5 72.3 5.8 6.1 0.4 1.9 32.12

3.2. The Influence of the Waste Tire Granules Size on the Yield of Pyrolysis Products

The influence of the waste tire granules’ size on the yield of solid, liquid, and gaseous
pyrolysis products is shown in Figure 2. All samples were heated at the same rate,
14 °C/min, to a temperature of 750 °C. It is noticeable that with the increase of the tested
samples” granule size, the yield of solid residue (char) increases slightly from 39.9% for
WTSL1 to 41.3% for WTS3. Although small, the change in the char yield could mean that the
rate of thermal decomposition may decrease with increasing granule size. This is due to the
smaller heat exchange area, i.e., the slower heat transfer to the center of the larger granules,
because the tires have very low thermal conductivity [4,20,21,30]. The size of the sample
granules also has an impact on the yield of the liquid and gaseous phases of pyrolysis. For
WTSI, the yield of gas and oil was 33.5% and 26.6%, respectively. For WTS2 and WTS3,
the yield of gas decreases to 22.7% and 22.6%, while the yield of oil versus gas increases to
36.4% and 36.1, respectively. Such changes in pyrolysis gas and liquid phase yields could
be explained as follows. The sample consisting of the smallest granules (WTS1) had the
largest surface area for heat exchange, and easier and faster heat transfer was enabled over
the entire volume of the granules, which led to rapid thermal decomposition of the samples.
Moreover, the high gas yield is not only a consequence of the primary decomposition of
the samples, but also of the secondary cracking reactions of pyrolytic oil, which will be
discussed below. This is not the case for samples with larger granules (WTS2 and WTS3),
where a significant decrease in gas yield and increase in oil yield can be observed. This is
due to slower pyrolysis or insufficient time at a high temperature for secondary reactions.
These findings clearly show that bigger granules need longer reaction times than smaller
ones to reach the same pyrolysis conversion grade [6,21]. WTS1 was selected for further
research, because under the mentioned experimental conditions, only in this case has the
increase of temperature from 500 to 750 °C led to the appearance of secondary cracking
reactions of pyrolytic oil.
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Figure 2. The share of pyrolysis products in relation to the size of the granules.
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3.3. Thermogravimetry and Differential Thermogravimetry

Thermogravimetry (TG) and differential thermogravimetry (DTG) are very powerful
and effective techniques for fuel combustion profile determination. As already mentioned,
tires have very low thermal conductivity, so TG should be employed at a heating rate up to
20 °C/min, due to the fact that the real temperature of the sample may be different from the
measured temperature of the sample for higher heating rates [31]. Figure 3 shows TG and
DTG curves for waste tire samples. The TG curve shows that the thermal decomposition of
the sample takes place in the temperature range 200-500 °C, while the DTG curve shows
the existence of three phases of thermal decomposition of the sample. The first phase takes
place in the temperature range of 200-350 °C and corresponds to the devolatilization of
additives such as stearic acid (plasticizer), extender oils, etc. [32,33]. The second phase of
thermal decomposition takes place in the temperature range 350-420 °C and corresponds
to the decomposition of NR [32,33], while the third takes place in the temperature range
420-500 °C and corresponds to the decomposition of SBR and BR [32,33]. There was no
change in the mass of the solid sample residue in the temperature range of 500-750 °C.
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Figure 3. TG and DTG curves of the waste tire.

3.4. Pyrolysis Yields

Pyrolysis is a thermochemical process, occurring at an elevated temperature and inert
atmosphere, in which the waste tire is transformed into a solid residue rich in carbon (char),
with the release of volatiles (oil + gas), which can be represented by the following reaction:

Waste tire — Char + Oil + Gases (CO, CO,, H,, CHy, CyHy)

Table 2 shows the solid, liquid, and gas yields (wt.%) that are acquired in the tire py-
rolysis tests carried out at 400-750 °C. Solid and liquid pyrolysis yields were established by
measuring the volume of each fraction. The gas fraction yields were found as a difference.

After the thermal decomposition is done, variations on the char yield are not expected
when pyrolysis temperature increases. Therefore, the total amount of char needs to be in
relation with the sum of the original CB and the ash content. The amount of char, however,
can be higher than this anticipated value since aromatics tend to adsorb on the surface of the
char [4,6,34]. The amount of char can also be lower than the expected value in conditions
when the oxygen is present in the carrier gas due to the occurrence of gasification reactions
at increased temperatures [6,35,36].
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Table 2. The effects of temperature on pyrolysis products yield.

Temperature Char Oil Gas
°C wt.% wt.% wt.%
400 58.7 27.0 14.3
450 45.8 38.4 15.8
500 39.9 43.6 16.5
550 40.0 42.6 17.4
600 39.9 40.0 20.1
650 40.0 37.3 22.7
700 39.9 32.1 28.0
750 39.9 26.6 33.5

It is obvious from the Table 2 that product yields depend on the temperature. At the
temperature of 400-500 °C, pyrolysis was still partial and incomplete, as char yield was
higher than the values obtained from the TG analysis. This is supported by the fact that
the solid residue after pyrolysis at 400 °C was rubbery and sticky. On the other hand, char
yields at 500-750 °C were almost identical, indicating that the thermal decomposition of
the sample was completed at approximately 500 °C. When it comes to pyrolytic oil, with
the increase of the final pyrolytic temperature, the oil yield simultaneously increases and
reaches a maximum value of 43.6% at about 500 °C, after which it begins to decrease, and
at 750 °C it declines to the value of 26.6%. In the case of pyrolytic gas, a slight increase in
yield is observed for the final pyrolysis at the temperature of 400-500 °C. However, with
an increase in the final pyrolytic temperature from 500 to 750 °C the gas yield is more
significant, and at 750 °C it reaches a maximum value of 33.5%. This yield ratio of pyrolytic
oil and gas is the result of the secondary cracking reactions that occur at high temperatures
to form non-condensable gases and therefore increase the gas yield and at the same time
reduce the oil yield. These reactions could be expressed as:

Oil — Heavy hydrocarbons + Light hydrocarbons + CO + CO, + H;

Heavy hydrocarbons — Light hydrocarbons + CHy + Hp
Light hydrocarbons — CHy + Hj

Although the influence of the temperature on the yield of pyrolysis products has
been analyzed in many papers, a relatively small number of papers indicate an increase
in non-condensable gases with a decrease in oil yield, i.e., the occurrence of secondary
reactions [4,19-22].

3.5. Pyrolysis Products
3.5.1. Char

In the case of waste tire pyrolysis, the carbon in the solid residue comes from rubber
and CB, which are the two most common raw materials in the production of tires. The com-
position of the char, besides the composition of the waste tire, depends on the conditions
under which the pyrolytic process takes place [37,38].

Table 3 gives an elementary analysis of the solid residue obtained at 500 and 750 °C.
At both temperatures, the solid residues had retained approximately the same form as the
samples before the pyrolysis began, and were easily crushed into a black powder. The
most important detail regarding tire pyrolytic residues is their pronounced share of ash
(~13%), compared to commercial carbon blacks where ash residue doesn’t exceed 0.5%.
The ash from the pyrolytic residues originates from the inorganic content (steel excluded)
of the tire. Even though char from the tire pyrolysis has much higher ash content than
commercial carbon blacks, it can still be used as an alternative material in the preparation
of rubber parts like footwear, conveyor belts, dock fenders, etc. Further possible uses for
tire pyrolysis solid residue involve activated carbon, ink pigments or solid fuel. Observed
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from the energy aspect, char has excellent potential to be used as a solid fuel, keeping in
mind that the share of carbon is about 82%, and GCV about 29 MJ/kg. However, an ash
content of 13% and sulfur content of over 2% can be an environmental problem.

Table 3. Ultimate analyses, ash content, and gross calorific value (GCV) of the char obtained in waste

tire pyrolysis.
Temperature C H N S (0) Ash GCV
°C wt.% wt.% wt.% wt.% wt.% wt.% MJ/kg
500 81.9 0.9 0.4 2.2 1.8 12.8 28.5
750 82.3 0.4 0.4 2.4 1.1 13.4 29.1

3.5.2. Pyrolytic Gas

Gaseous pyrolysis products of waste tires predominantly contain Hy, CO, CO,, CHy,
CyHg, and C4Hg [12,30,39]. Table 4 presents the composition of the gases obtained in tire
pyrolysis at 400-750 °C. In regard to methane and hydrogen, there is a noticeable upsurge
in the share of these gases at temperatures higher than 500 °C. This is due to the fact
that light hydrocarbons can be formed in two possible ways: by direct degradation of
polymeric compounds (SBR and BR), and in secondary cracking reactions that occur if
these products are exposed to temperatures higher than 500 °C long enough. Compared to
SBR, which is an aromatic compound, the degradation products of polymeric compounds
contain shorter aliphatic chains that in reactions like thermal cracking, repolymerization, or
recondensation, release light gases such as methane and hydrogen [18]. In terms of carbon
monoxide and carbon dioxide, they are oxidation products of organic compounds contained
in the tire, such as stearic acid, extender oils, etc., and can also be the product of thermal
decomposition of inorganic components, such as CaCOj3; and metal oxides [11,40]. As
shown in Table 4, these mechanisms of CO; generation are significantly more pronounced
at temperatures from 400 to 500 °C than from 500 to 750 °C, while the share of CO at all
temperatures was above the measuring range of the device (>0.1 vol.%).

Table 4. Pyrolysis gas composition [vol.%].

Pyrolysis Temperature [°C]

Pyrolysis Gas

400 450 500 550 600 650 700 750
CH,4 2.6 45 12.9 15.3 19.0 20.2 225 23.2
H, 34 3.8 >41 >4 >4 >4 >4 >4
CO, 14.0 10.5 9.0 9.1 8.5 8.3 7.9 7.1

! exceeds the measuring range.

3.5.3. Pyrolytic Oil

Pyrolytic oil obtained from pyrolysis of waste automotive tires is dark-brown liquid,
which looks like a petroleum fraction. Since the most common polymer component of
automotive tires is styrene-butadiene, which has both an aromatic (styrene) and aliphatic
(butadiene) structure, pyrolytic oil is a mixture of aromatic and aliphatic compounds [41].
There was no phase separation in the pyrolytic oil obtained in experiments. The pyrolytic
oil was characterized in terms of both fuel properties and elemental compositions for
two final pyrolysis temperatures, 500 °C and 750 °C, and the results were compared with
commercial No. 2 diesel and light fuel oil, which is shown in Table 5.

The density of pyrolytic oil obtained at 500 °C and 750 °C was 937 and 959 kg/m?3,
respectively, and in both cases was higher in density than commercial diesel and light fuel
oil. Since high density is dependent on the molecular weight of the fuel molecules [19],
this implies that pyrolytic oil has heavier molecules than commercial diesel and light fuel
oil. The viscosity of pyrolytic oil was 4.7 ¢St for oil obtained at 500 °C, and 5.0 cSt for oil
obtained at 750 °C. The viscosity in both cases was slightly higher than the viscosity of
commercial diesel, but significantly lower than the viscosity of light fuel oil. Relatively
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low viscosity of the pyrolytic oil is a favorable feature in the handling, transporting, and
the usage of the pyrolytic oil as a fuel. Flash point is the temperature at which the fuel
begins to evolve vapors in sufficient quantity to form a flammable mixture with air. In
other words, temperature is an indirect measure of volatility of the liquid fuel. The flash
points of pyrolytic oil obtained at 500 °C and 750 °C were <31 °C and <48 °C, respectively,
and the obtained values are relatively low compared to commercial diesel (55 °C) and
light fuel oil (79 °C). The low flash points of the pyrolytic oil (especially the oil obtained
at 500 °C) are not surprising since the pyrolytic oil represents an unrefined liquid that is
a mixture of components with a wide distillation range. In addition, the difference in the
value of the flash point for these two pyrolytic oils confirms that at higher final pyrolysis
temperatures, light gases, such as methane and hydrogen, were released, which has already
been discussed. The pour points of pyrolytic oil are significantly higher compared to
diesel fuel, but this would not be a problem in the case of its use in hot regions. Gross
calorific value is 42.4 and 41.1 MJ/kg for pyrolytic oil obtained at 500 °C and 750 °C,
respectively, which is slightly lower than GCV of commercial diesel and light fuel oil, but
still very respectable.

Table 5. Characteristics of pyrolytic oil compared to diesel fuel and fuel oil.

Pyrolytic Oil Pyrolytic Oil Commercial

Analyses [500 °C] (750 °C] No. 2 Diesel Light Fuel Oil
Elemental [wt.%]
C 85.4 87.5 - -
H 10.1 7.6 - -
S 1.2 1.3 0.001 1.4
N 0.5 0.7 - -
O 2.8 29 - -
H/C ratio 1.42 1.04 - -
Density [kg/m?] 937 959 820-860 890
Viscosity ! [cSt] 47 5.0 2.0-4.5 21
Flash point [°C] 31 48 >55 79
Pour point [°C] —11 -6 —40 to —30 -
GCV [M]/kg] 424 41.1 44-46 44.8

1 At a temperature of 40 °C.

When it comes to chemical (elemental) composition, it is noticeable that the pyrolytic
oil obtained at the final pyrolysis temperature of 750 °C has 2.5% lower hydrogen content
than the oil obtained at 500 °C. This is due to the effect of the volatile fraction cracking
reactions, which has already been discussed. As a result, the H/C molar ratio for pyrolytic
oil obtained at 750 °C is significantly lower. Pyrolytic oil also contains just over 1% sulfur
(~1.2%), which is significantly more than the EU limit value for Commercial No. 2 diesel
(10 ppm), but below the limit value for light fuel oil (1.4%). Considering density, viscosity,
flash point, pour point, and sulfur content, pyrolytic oil could not be an alternative to
commercial diesel without prior processing. On the other hand, low viscosity and sulfur

content make it more suitable fuel for industrial furnaces and boilers, for direct use or
blended with fuel oil.

4. Conclusions

Waste tires are a serious environmental issue given their quantity and resistance to
physical, chemical, and other types of treatment. On the other hand, their composition
and caloric value make them a significant source of energy and raw materials. As the
combustion of waste tires is not environmentally acceptable, pyrolysis is recognized as the
optimal process for obtaining valuable products (char, oil, and gas). In the pyrolysis process,
one of the key parameters is temperature. Temperature affects the way the pyrolysis process
takes place, i.e., on the participation of certain types of reactions and consequently the
quantity and composition of pyrolysis products. The aim of this study was to determine
the influence of the temperature, while other process parameters remain unchanged.

The following conclusions were obtained:
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e TG and DTG analyses showed that the thermal decomposition of the samples took
place in three phases in the temperature range between 200 and 500 °C. The first phase
corresponds to the devolatilization of the additive (200-350 °C), the second phase to
the thermal decomposition of NR (350420 °C), and to the third phase to the thermal
decomposition of SBR and BR (420-500 °C). There was no change in the mass of the
solid residue in the temperature range of 500-750 °C;

e  As the size of the granules increases, the rate of thermal decomposition decreases
due to the smaller heat exchange area, i.e., the slower heat transfer to the center of
the larger granules. For the smallest granules (WTS1), the high gas yield is not only
a consequence of the primary decomposition of the samples, but also of the secondary
cracking reactions of the pyrolytic oil. This was not the case for WTS2 and WTS3,
due to the slower pyrolysis and insufficient time at high temperature for secondary
reactions, so the yield of oil was significantly higher than the yield of gas;

e  Solid residues obtained at temperatures below 500 °C were rubbery and sticky and
had higher masses than those obtained at temperatures higher than 500 °C, indicating
incomplete thermal decomposition, while solid residues obtained at temperatures
between 500 and 750 °C were of the same mass and shape, which indicates that
the thermal decomposition of the solid residue is completed already at 500 °C. The
chemical composition of solid residues obtained at temperatures of 500 and 750 °C
was very similar, and the ash content was about 13%, which is significantly above
the maximum commercial CB ash content. The GCV of the solid residue was about
29 M]/kg, but it should be noted that a sulphur content of over 2% may be a limiting
factor for fuel use;

e  The highest yield of pyrolytic oil (43.6%) was achieved at about 500 °C. With a further
increase in temperature, the oil yield constantly decreased, while the gas yield si-
multaneously increased and reached a maximum value (33.5%) at 750 °C. This ratio
of pyrolytic oil and gas yield, as well as the constant increase of methane content
in pyrolytic gas at temperatures of 500-750 °C, indicates the existence of secondary
cracking reactions in which, due to the high temperature, condensable hydrocarbons
decompose into non-condensable ones. Besides that, pyrolytic oil obtained at a final
pyrolysis temperature of 750 °C has lower hydrogen content for 2.5% than oil obtained
at 500 °C, due to the above-mentioned volatile fraction cracking reactions;

e  The obtained pyrolytic oil could not be an adequate substitution for commercial diesel
without pre-treatment, due to the high fuel quality standards imposed by modern IC
engines and increasingly stringent environmental directives. On the other hand, low
viscosity and sulfur content make pyrolytic oil an excellent fuel for industrial furnaces
and boilers, whether used as pure fuel or mixed with fuel oil.
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Nomenclature

NR Natural rubber

SBR  Styrene-butadiene rubber

BR Butyl rubber

CB Carbon black

VOC Volatile organic compounds
Mmpr Measuring points

WTS  Waste tire sample

GCV  Gross calorific value

TG Thermogravimetry

DTG Differential thermogravimetry
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