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Abstract: This paper presents the results of investigations on the pyrolysis of tyre waste in a laboratory
fixed-bed batch reactor. The results regarding the influence of either the reaction temperature
(425, 450, 475, and 500 ◦C) and the flow of the inert gas (0, 100, 300, and 500 mL/min) on product
yield (referred to as pyrolysis of waste tyres) are also considered and discussed. On the basis of the
abovementioned findings, the most appropriate experimental conditions were selected to contribute
to a higher yield of pyrolysis oil. The sample of pyrolysis oil obtained from the experiments carried
out in the selected optimal conditions (reaction time 120 min, temperature 450 ◦C and the inert gas
flow of 100 mL/min) was subjected to calorimetric and infrared spectroscopy analysis.
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1. Introduction

Nowadays, communication in its broadest sense is the basis of the development
of civilization and cannot even be imagined without developed traffic, in which road
traffic plays a leading role in many elements. It is estimated that there are approximately
1.446 billion cars on the planet [1]. The consequences of the massive use of road vehicles
are, in addition to the emission of various air pollutants, approximately 30.9 million tonnes
of end-of-life tyres to manage only in 2019 [2]. European Union (EU) legislation regarding
end-of-life tyres can be found in [3].

One of the techniques for tyre recycling is pyrolysis or thermal cracking. Pyrolysis is a
thermochemical process that causes the decomposition of organic matter upon heating in
an inert atmosphere. Unlike mechanical tyre recycling, where long polymer chains remain
preserved, pyrolysis products are fragments of lower molecular mass. As a product of
pyrolysis, a solid phase is formed as a pyrolysis char, basically char or soot, and a volatile
fraction that is further decomposed into condensable hydrocarbons (pyrolysis oil) and gas.
The relative share of individual phases is determined both by the chemical composition and
the choice of the reactor for pyrolysis, and by the process operating conditions. As a matter
of fact, by adjusting the temperature, the reaction time, the carrier gas flow rate, the heating
rate, the product cooling rate, the pressure, the particle size of the starting raw material, the
addiction of catalyst, etc., it is possible to control the rate and extent of decomposition, i.e.,
change the relative proportion of individual phases and the presence and yield of different
products [4,5].

Pyrolysis of car tyre waste has been studied relatively extensively in the past, similarly
to what has been conducted with other polymer-based materials, like plastics [6–12]. In
a series of papers, an overview of significant research is given [13–24]. In some review
papers [4,25–27], the latest achievements were presented in the field of pyrolysis plants for
processing of tyre waste, while all the problems encountered in the management of this
kind of waste, as well as the yield of pyrolysis depending on the type of reactor, catalyst
and operating conditions are considered and critically discussed in [6,28–33].
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Most research is based on the use of thermogravimetry (TG), and on examining the
kinetics of the degradation process (under inert atmosphere) or examining the influence
of various process parameters on the product yield. These experiments are carried out
on small samples and most often in autoclaves, dedicated devices for conducting TG
analysis. Under such conditions, there are no limitations in the heat transfer to the raw
material particles, so these results cannot be fully applied to industrial processes [17].
Certain authors mention the possibility of controlling and changing the heating rate of
the process, and the application of multiphase pyrolysis, in order to use the heat of the
exothermic contribution of the process for providing energy to the next step of the sequence,
endothermic in nature, thus reducing the required energy consumption [17,34,35].

As already mentioned, the yield and distribution of pyrolysis products depend on the
selection of the process parameters as well as on the performance of the reactor systems
in which the process takes place. Various data can be found in the literature that differ
from author to author, but most fall within the following yield ranges (expressed in mass
percentage of pyrolysis products): 10–30% for gas, 40–60% for oil and 30–40% for solid
residue (basically pyrolysis char, char or carbon black) [36,37].

Tyre pyrolysis oil, also known as TPO, can be used in petroleum refineries and as
a source of chemicals like BTX or limonene, which are used in the production of resins,
surfactants, plastics and pharmaceutical compounds. TPO can contain significant amounts
of sulphur (in form of SO2), which lead to the corrosion of pyrolysis equipment. Therefore,
a desulfurization method should be performed. However, TPO can be directly used in
boilers or after desulfurization, moisture removal, distillation or mixing with diesel fuel,
and it can be used in engines with internal combustion [38–40]. Toteva and Stanulov [41]
provided an overview of desulfurization methods for TPO.

Non-condensable gases are called pyro-gas or pyrolytic gas. These gases can be
applied as a combustible fuel that can be used for the energy requirements for the pyrolysis
process. The gaseous products from tyre pyrolysis are mixture of olefins, carbon oxides,
hydrogen and sulfur and nitrogen compounds [39,42]. The temperature and heating rate
are directly connected to the gas evolution during the pyrolysis process. When the gas
production increases, the liquid products decrease, and vice versa [38].

The solid product of tyre pyrolysis is known as carbon black or char. Its contents vary
depending on the tyre composition and pyrolysis condition. After the activation of the
process, carbon black can be used as activated carbon [38,39]. Char can be used in printing
ink or filler material in rubber goods [38]. Carbon black is also used as a solid fuel, with
calorific value ranging between 25 and 34 MJ/kg, depending on the feedstock used [42].

Several authors investigated this residue with the aim of using it as activated carbon,
after the activation process. Activated carbon is the product of two processes, namely the
carbonization of raw material and the activation process. The first process increases the
carbon content and builds the porosity, while the latter expands the structures of pores.
Physical and chemical activation processes can be used for the production of activated
carbon [43]. The following studies provide more details on carbon activation [44–49].

Rodriguez et al. [50] performed a chemical analysis of char obtained by pyrolysis
at different temperatures. Chemical analysis determined that the solid residue contains
approximately 84% m/m carbon, 2.3–2.6% m/m sulfur, which is important from the
point of view of using char as a fuel, and that its heating value is lying in the interval
27–29 MJ/kg. Some authors state that the heating value of char is approximately
30 MJ/kg [36,51]. Choi et al. [52] conducted one- and two-stage pyrolysis of tyre waste.
The authors studied the concentration of sulfur in the obtained pyrolysis oil and concluded
that that pyrolysis oil obtained at temperatures around 500 ◦C had a lower sulfur content
than the pyrolysis oil obtained at temperatures around 600 ◦C.

The liquid phase is considered the most important product of pyrolysis of tyre waste.
Gas chromatography-mass spectrometry (GC/MS) is the most commonly used technique
for analysing not only liquids, but all pyrolysis products. In their work, Laresgoiti et al. [53]
provided one of the most complete descriptions of the liquid products of pyrolysis by
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applying GS/MS analysis, elemental analysis (proximate analysis), where the heating value
of the corresponding products is also given. The liquid products of pyrolysis represent a
complex mixture of C6-C24 organic compounds, including a lot of aromatics (53.4–74.8%), a
certain amount of nitrogen compounds (2.47–3.5%) and oxide compounds (2.29–4.85%).
Their calorific value is approximately 42 MJ/kg, which is a higher value than in commercial
heating oils, but the presence of sulfur (1–1.4% m/m) is close to the upper limit, or higher
than the permitted values. Rodriguez et al. [50] also reported a heating value of approx-
imately 42 MJ/kg, with a nitrogen and sulfur content of 0.4 and 1.2 m/m, respectively.
Furthermore, approximately 30% m/m of the total amount of the liquid phase is a light
fraction with a boiling point between 70 and 210 ◦C, which is essentially the same as
commercial petroleum, while 60% m/m has a boiling point in the range of 150–370 ◦C,
which is within the range of typical commercial oils.

The yield and composition of pyrolysis gases vary and take on different values
from one study to another, which can be attributed to different operating conditions
associated with the process, reactor, etc. The approximate gas yield in tyre pyrolysis is
10–30% m/m [3,54] and essentially the pyrolysis gas yield increases with increasing the
temperature. Its heating value is between 30 and 40 MJ/kg. Basically, different authors
agree with the fact that pyrolysis gases are H2, H2S, CO, CO2, CH4, C2H4, C3H6, and other
light carbohydrates [14].

Regarding the quantitative and qualitative composition of the products of the pyrolysis
process, a very wide range of published results can be observed. The representation of
each individual step depends on the operating conditions of the process, i.e., temperature,
pressure, heating rate, size of raw materials, heat transfer method, catalysts, etc., as well as
the type of reactor used for pyrolysis.

Depending on the temperature range, the pyrolysis process can be divided into three
categories: slow pyrolysis when the temperature does not exceed 300 ◦C, moderate or
medium-temperature pyrolysis when the temperature of the pyrolysis process is between
300 and 500 ◦C and fast pyrolysis or high-temperature pyrolysis, when temperature is
above 500 ◦C [55].

Most authors examine tyre pyrolysis in the temperature range of
400–600 ◦C [15,25,56–60], mainly focusing their attention on the liquid phase yield. By
increasing the pyrolysis temperature, the proportion of pyrolysis gas increases and the
proportion of char and liquid phase decreases. The increase in gas yield and decrease in
liquid products yield are directly related to the increase in temperature, due to decom-
position of vapours into stable gases and the occurrence of secondary re-polymerization.
The pyrolysis process begins at around 237 ◦C, where weaker molecular bonds break and
new, shorter molecules are created. These new molecules have a lower molecular weight
than the parent molecule. Long exposure to high temperatures causes the breakdown of
organic molecules that eventually leave the char. Akkouche et al. [61] studied the pyrolysis
of waste truck powder in a fixed-bed reactor with a water-cooled liquid recovery system
and a gas sampling valve. They varied the heating rates between 5 and 25 ◦C/min and
concluded that heating rate had only a significant influence on the gas yield. Heating rates
between 10 and 15 ◦C/min minimize the evolution of CO, CO2 and H2 and promote the
formation of C2H6, C3H6, C4H6 and H2S.

Williams et al. [62] performed pyrolysis of tyre waste in a temperature range of
300–720 ◦C and a heating rate ranging from 5 to 80 ◦C/min, and found that the maximum
conversion of tyres occurs at 600 ◦C, if the pyrolysis oil yield is considered as a reference.
Similar research results are presented by Clark et al. [63].

Laresgoiti et al. [64] demonstrated that pyrolysis temperatures above
500 ◦C have no significant effect on gas yield and carbon residue. However, the tem-
perature change affects the composition of the pyrolysis gas products. Rodriguez et al. [50]
performed pyrolysis with a raw material with a cross section of 2–3 cm, as a simulation
of the whole tyre, at temperatures in the range of 300–700 ◦C. Their report states that the
distilled liquid products are a mixture of hydrocarbons, containing 0.4% m/m of nitrogen
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and 1.2% m/m of sulfur. Of this, approximately 30% m/m is a volatile fraction with a
boiling point of 70–210 ◦C and approximately 60% m/m boils in the temperature range
of 150–370 ◦C. After the occurrence of the pyrolysis of the tyres, the hydrogen sulphide
content is below 0.3% m/m, while in the laboratory analyses that preceded the pyrolysis,
approximately 2% m/m of sulfur was present in the raw material. After pyrolysis, sulfur
remained in the char in the form of zinc sulphide and calcium sulphide [16]. These data are
extremely important if pyrolysis oil is to be used as fuel, and at the same time indicate the
disadvantages of using char as an energy source due to the increased sulfur content. The
yield of liquid products increases at temperatures between 400 and 500 ◦C. Subsequently,
at temperatures above 500 ◦C, no significant changes occur and the yield of liquid products
is constant. The increase in gas yield in relation to the temperature change is 2.4% m/m
at 400 ◦C, while with an increase in temperature up to 700 ◦C the gas yield increases to
4.4% m/m [65]. Similar behaviour is found by Xu et al. [66] with the FTIR spectrum at
different temperatures.

Islam et al. [67] examine the influence of temperature, raw material size and heating
rate on pyrolysis yield and product composition; the maximum yield of the liquid phase
(49%) is obtained at 475 ◦C, raw material in the form of a cube of 4 cm side, with a heating
rate of 5 ◦C/min under nitrogen carrier gas in a reactor with tubular flame heaters.

Zabanioti and Stavropolos [68] performed pyrolysis under helium atmosphere in the
temperature range 390–890 ◦C and at a heating rate of 70–90 ◦C/min, and under these
conditions they conclude that the char yield decreases with temperature to a final value of
20% m/m from the initial total mass of the raw material at around 830 ◦C. The gas yield also
increases with increasing temperature and reaches even at around 830 ◦C a maximum of
73% m/m of the initial total mass of the raw material. Lee et al. [20] in similar temperature
ranges (700–880 ◦C) obtain a char yield of approximately 32%, the gas yield with increasing
temperature increases from 30% m/m to a maximum of 40% m/m to the detriment of
liquid products which ultimately contain around 25%. Increasing the temperature does not
significantly affect the char yield.

Chang [69] showed in his research that the yield of tyre pyrolysis is distributed
between 30 and 53% m/m gas, 28 and 42% m/m liquid distillates and 14 and 28% m/m
of char. Barobboti et al. [70] performed pyrolysis in the temperature range of 400–460 ◦C,
with nitrogen as the carrier gas, which had a flow rate of 0.2–0.5 m3/h, while the size of
the raw material was in the range 2–20 mm. As optimal conditions, seen from the point
of view of the yield of liquid distillates, they indicated a temperature of 430 ◦C, with a
N2 flow rate of 0.35 m3/h and a raw material size of 10 mm. Under the aforementioned
experimental conditions, the yield ratio is 32.5% m/m char and 51% m/m liquid distillates
and 16.5% m/m pyrolysis gas. The introduction of a carrier gas into the pyrolysis process
of tyre waste increases the yield of the liquid phase at the expense of the solid residue
and pyrolysis gas [71]. The yield depends on the carrier gas, so the use of water vapor
as a carrier leads to a lower content of sulfur in the liquid phase (0.129% m/m), while its
content increases in the solid phase (2.5% m/m). However, the use of N2 or H2 as a carrier
gas produces the opposite effect, which is again important from the point of view of using
pyrolysis products as a fuel. Murena et al. [72] performed pyrolysis with hydrogen in order
to better saturate the broken bonds of the polymer chain. They came to the conclusion that,
using this method, pyrolysis can be performed at slightly lower temperatures and that the
reaction takes place in the temperature range of 390–430 ◦C. At such parameters, the yield
of liquid distillates is maximized, while the char is reduced to a minimum. Roy et al. [51]
performed pyrolysis with a constant temperature of 500 ◦C, but varied the pressure in the
range of 0.8–28 kPa. It was shown that the pressure change did not significantly affect
the pyrolysis yield as a whole and that the change in pressure did not affect the change
in the yield of any individual product. Nevertheless, the pressure change significantly
affects the composition of the obtained products, especially the composition of char and
liquid products. An overview of the influence of pyrolysis process parameters on yield
investigated by various authors is presented in the review paper by Juma et al. [14].
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Various types of reactors are used in tyre pyrolysis, such as fixed-bed reactors, vacuum
reactors, fluidized bed reactors, etc. Williams [25] provided an overview of pyrolysis yields
for different types of reactors, showing the conditions under which the experiment was
performed and the type of pyrolysis reactor. From the above review, one can observe a
fairly wide range of yields of different products, depending on the conditions applied
and type of reactor. Generally, in fixed-bed reactors the yield of liquid, solid and gaseous
products varied between 20.9, 40.7 and 23.9% m/m (at 950 ◦C, below ~2 ◦C/min), while
between 63, 30 and 7% m/m (at 350–450 ◦C, below 30 ◦C/min), respectively.

In general, based on the abovementioned findings, it can be stated that research in the
field of pyrolysis of tyre waste indicates different results; some authors state that changes in
process parameters do not have a significant impact on products; others have focused their
research mainly on temperature, as a process parameter. The characteristic of the research
cited is that it was carried out under different conditions, often not sufficiently explained,
and in different types of reactors. In addition, the types of samples are mostly different,
both in terms of shape and mass, the tests in most cases are reduced to TG analysis, coupled
with DTG data (first order derivative of TG) [73]. It can be stated that there is a significant
data variation on the working conditions of the process, on the configuration of the reactor
systems when it comes to tyre pyrolysis.

Taking into account all the previously mentioned facts, this study aims to shed light
by analysing a significant number of appropriate cases studied with the aim of finding
the most suitable temperature and inert gas flow rate to obtain the maximum pyrolysis oil
yield in a fixed-bed reactor. Therefore, this study focused on investigating the influence of
temperature on the yield of pyrolysis products in a narrower temperature range and with a
lower carrier gas flow rate than other similar studies.

2. Materials and Methods
2.1. Materials and Materials Characterization

Waste tyres from cars, trucks and work machines were shredded and a granulometric
analysis of a sample of shredded tyres was carried out and the average diameter of the
particles was determined to be 1.28 mm. Sieves with an opening size of 2.0 were used,
followed by those with 1.6, 1.1, 0.8, 0.5 and finally with 0.25 mm. Proximate or technical
analysis of the sample was carried out, according to the regulations for proximate analysis of
solid fuel. The results of the proximate analysis of the sample are presented in Table 1. The
listed results essentially correspond to the average results published by other authors [74].

Table 1. Results of proximate analysis of tyre waste.

Parameter %m/m

Moisture content 0.77 ± 0.01
Ash content 5.25 ± 0.01
Char residue 31.90 ± 0.01
Fixed carbon 26.65 ± 0.01

Combustible substances 93.98 ± 0.02
Volatile matter 67.29 ± 0.01

2.2. Reactor Setup

The pyrolysis experiments were conducted in a lab-scale fixed-bed batch reactor, which
allows for examining the influence of the most important process parameters (temperature,
reaction time, carrier gas flow, heat consumption), with a process control system. All
temperatures were measured with K-type thermocouples, and recorded using the OMRON
CX-Thermo Support software Ver. 4.0. The block diagram of the reactor used is presented
in Figure 1.
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Figure 1. Block diagram of the experimental fixed-bed pyrolysis reactor: (a) cylinder with nitrogen
gas; (b) gas mass flow meter; (c) the pyrolysis reactor vessel; (d) thermal insulation; (e) steam
condensation system; (f) separation system-vessels for receiving condensate; (g) discharge of non-
condensable gases in the gas washing system; (h) control box; (i) PC; (a′) reducing valve; (c′) electric
heater connection wiring.

The reactor has a shape of a vertical cylinder (101.6 × 2 mm). The reactor vessel
contains the bottom or body and a lid or upper body, with flanged bottle joint with gaskets.
The reactor body is 200 mm high and is separated from the upper part. It also works as a
dosing system. A second cylinder is connected to the reactor body from the upper side. It
is a cover with a total length of 40 mm. It also carries three K-type thermocouples and three
stainless steel tubes (A304), in which the electric cartridge heaters are housed (total power
3 × 350 W). When the lid is connected to the reactor body, electric heaters and thermocou-
ples are placed in the reactor body. The heaters extend to the bottom of the reactor and the
thermocouples are arranged in the reactor body, at different heights. The thermocouple T1
is placed 7 mm from the bottom of the reactor, T2 at 90 mm and T3 at 220 mm. The reactor
is made of stainless steel and a 3 cm thick layer of thermal insulation stone wool is applied
to the outer wall of the reactor.

The regulation of the operation of the heater, i.e., the temperature control, was carried
out using the CelciuX temperature controller (EJ1N-TC4A-QQ), from the OMRON Corpo-
ration (Kyoto, Japan), after adjustment of the PID constants. Inert gas flows were measured
with a mass flow meter, Bronkhorst High-Tech B.V., model MASS-VIEW MV-304 (Ruurlo,
The Nederland), which has the additional possibility of fine flow adjustment and covers
measurement ranges between 40 and 20,000 mL/min. Nitrogen with a purity of 99.99%
was used as the carrier gas. The description of the experimental techniques and reactors
can be found in previous studies [75–77].

The yield of the liquid phase, pyrolysis oil, was determined by measuring the mass of
the products obtained after their collection in the separation system. A smaller portion of
the product remaining in the inner walls of the condensation system was also collected and
measured and presented together with the mass of the liquid phase from the separation
system. The condensation system is oversized to ensure complete condensation and consists
of two double pipe heat exchangers, Figure 1e. The solid residue, i.e., pyrolysis char or
carbon black, was determined by measuring the mass of residue, found in the reactor after
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the end of the process and cooling. The yield of the gaseous phase was determined by
the material balance, calculated as the difference between the mass of the raw material
and the sum represented by the mass of the liquid phase and that of the solid residue. All
samples, as well as products, were weighed on a KERN PLJ 3500-2NM laboratory scale.
The sulfur content was determined by X-ray-fluorescence spectrometry (XRF Oxford),
according to the ISO 20847 method [78]. The qualitative chemical analysis of the fuels
obtained was performed by FTIR spectroscopy (FTIR 1600 Perkin Elmer), CEI IEC 590
method. The heating value of the obtained biofuels was determined with a Parr calorimeter
(mode 6400 Automatic Isoperibol Calorimeter) using the dynamic measurement method.
All measurements were carried out at least 3 times, and the results listed in the tables
represent the arithmetic means of the measurements.

3. Results

When choosing temperatures for conducting experiments, most researchers start
from the results of TG or DTG analyses, and, based on the corresponding curves, the
temperature ranges of thermal decomposition are observed while during the reaction a
suitable range of time is usually chosen, so that maximum decomposition can be expected
at the selected temperature. In the literature, it is possible to find a series of published
TG and DTG curves of tyre pyrolysis or, as often stated, thermal decomposition in an
inert atmosphere, which may differ depending on different conditions of conducting
experiments [14,37,69,71,79–81]. Considering the abovementioned facts, the reactor tem-
perature of 425 ◦C was chosen for the initial recording, because only at that temperature
can higher decomposition rates be expected, as subsequent experiments will demonstrate.
For the second temperature, 500 ◦C was chosen, since according to the results of numerous
TG and DTG curves, the maximum decomposition rates of the examined polymers are
lower than the given temperature. Furthermore, numerous studies examine processes at
ranges above 500 ◦C [52,82–84]. Regarding the reaction time, 120 min was chosen for the
initial experiment, considering that the indicated time is sufficient for complete thermal
decomposition to take place at the selected temperature.

3.1. Effect of Temperature on Tyre Pyrolysis

Table 2 shows the effect of temperature on the yield of the pyrolysis process. A
significant increase in raw material conversion, i.e., reduction of the mass of the solid
residue in the reactor, is observed in the range from 425 to 500 ◦C. The maximum yield of
the liquid phase (pyrolysis oil) is obtained at 450 ◦C. At temperatures of 475 and 500 ◦C, the
pyrolysis oil yield decreases at the expense of a greater yield of gaseous products. This can
be explained by the fact that secondary reactions start to dominate at higher temperatures,
i.e., reactions in which molecular chains break down further, producing less oil and more
gaseous products [21,82,85].

Table 2. Product yield as a function of temperature (120 min, inert gas flow rate of 500 mL/min, heat
rate 14 ◦C/min).

Temperature Oil Yield (%m/m) Char Yield (%m/m) Gas Yield (%m/m)

425 39.81 49.27 10.92
450 43.61 42.99 13.40
475 43.48 42.40 14.12
500 42.58 42.22 15.22

In the pilot plant tested for pyrolysis, i.e., the tested reactor with fixed-bed and
characteristic heating of the mixture, the optimal temperature of the reactor for the pyrolysis
of tyre waste, in terms of the maximum yield of liquid products, is 450 ◦C at time of
120 min. The specified values were used as fixed values for the next test series.
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3.2. Effect of Inert Gas Flow on Tyre Pyrolysis

A range from static air up to 500 mL/min was chosen to examine the influence of the
flow of carrier gas, nitrogen, on the yield of the pyrolysis process in the investigated plant.
Higher flow rates were not tested due to the possibility that the contents of the reactor, raw
material and solid product are transported in the gas flow, i.e., due to fluidization of the
bed. Since inert gas is not only used to create an inert atmosphere, it is also used to remove
steam and gaseous products from the reactor. It is clear that when the flow of the carrier
gas varies, the residence time of these products in the reactor actually changes.

Table 3 shows the yields of pyrolysis products as a function of the carrier gas flow.

Table 3. Product yield as a function of the carrier gas flow rate.

Flow Rate (mL/min) Oil Yield (%m/m) Char Yield (%m/m) Gas Yield (%m/m)

0 37.13 52.55 10.02
100 43.63 42.76 13.61
300 43.61 42.99 13.40
500 43.01 43.53 13.46

The experiment was performed at a previously defined optimal reaction time of
120 min and a temperature of 450 ◦C.

This plot shows an increase in the yield of pyrolysis oil from the initial value of
37.13% m/m with no carrier gas flow up to a maximum of 43.63% m/m at a flow rate of
100 mL/min, after which there is a relatively negligible decrease in the yield of pyrolysis
oil, at the expense of increasing the solid residue up to a maximum of 43.53% m/m at the
highest value of nitrogen flow. From Table 3 it can be seen that with nitrogen flow values of
100, 300, and 500 the yield of the individual products almost did not differ. It can however
be emphasized that there is no increase in the yield of liquid products with higher flows
of inert atmosphere, i.e., carrier gas, due to the shorter retention time of the products of
primary reactions in the high temperature zone, which causes further secondary reactions,
i.e., shortening of molecular chains and formation of gaseous (non-condensable) products.
It is obvious that with higher carrier gas flows, purely fluid dynamic conditions begin to
prevail in the tested reactor, i.e., it can be assumed that there is more intensive contact of
steam and gaseous products with the heater surface in the upper part of the reactor, whose
temperature is normally higher than that of the lower part of the reactor, and more intense
secondary reactions take place, which give a greater yield of gaseous products.

From the information provided it can be seen that the process still depends on the
carrier gas flow. In the experiment with static air (no gas flow), the raw material conversion
is significantly lower (52.55% m/m of unreacted raw material) compared to all other
experiments where a carrier gas flow was present. It can be concluded that the introduction
of carrier gas into the tyre waste pyrolysis process increases the yield of the liquid phase at
the expense of the solid residue or pyrolysis char and pyrolysis gas.

Based on the results presented in Table 3, it can be concluded that for the tested
laboratory scale pyrolysis reactor, the optimal carrier gas flow, in terms of maximizing the
amount of liquid products, is 100 mL/min.

It should be noted that in all experiments an extremely high yield of solid residue is
obtained and it is necessary to examine the qualitative and energetic value of the obtained
char in future research, as well as the possibility of further gasification of the char.

3.3. Calorimetry, Chemical and Proximate Analysis

Pyrolysis oil samples obtained from this experiment, carried out under selected opti-
mal conditions (120 min reaction time, 450 ◦C and 100 mL/min inert gas), were subjected
to calorimetric analysis, i.e., determination of the heating value. The heating value of the
obtained fuels was determined calorimetrically, and was 42 MJ/kg, which is slightly lower
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than the heating value of higher quality coals (43 MJ/kg), as well as the heating value of oil
(44 MJ/kg).

The determination of the composition of pyrolytic oil, i.e., the distribution of carbon
atoms in the paraffin chains, aromatic and naphthenic rings, was carried out using the CEI
IEC 590 method. In general, this method is based on the relationship between measured ab-
sorbance at 1610 cm−1, 720 cm−1, and n-d-M analysis (ASTM D3238 [86]), which allows the
determination of the fraction of carbon atoms in aromatic ring structures. Figure 2 shows
the IR spectra of pyrolysis oil obtained under the selected optimal pyrolysis conditions
(120 min reaction time, 450 ◦C and 100 mL/min inert gas). On the IR spectra, the charac-
teristic absorption peaks at the wave numbers 1610 cm−1 and 720 cm−1 were identified
and measured. This was used to determine the fraction of carbon content in aromatic rings-
CA (corresponding to the peak at 1610 cm−1), the fraction of carbon content in paraffin
chains-CP (corresponding to the peak at 720 cm−1) and the rest of the carbon contained in
naphthenic rings-CN as a sum up to 100:

CN = 100 − (CP + CA)
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In general, the presence of aromatic compounds can be identified by the presence of
medium intensity bands at 1640 and 1450 cm−1 due to the tension in −C=C bonds. This
is also confirmed by the presence of medium intensity bands at 690 and 730 cm−1 and a
band at 3000 cm−1, due to «out of plane» bending of C(sp2)-H and tension of the C(sp2)-H,
respectively. The presence of paraffinic compounds can be confirmed by bands located
between 2900 and 2850 cm−1, which correspond to C(sp3)-H tension or single bonds typical
of alkanes. The characteristic band at 720–725 cm−1 can only be seen in long chain alkanes
corresponding to C-H methyl rock.

Furthermore, the results of sulfur content in the obtained pyrolysis oil (0.407% m/m)
(Table 4), indicate its potential for use as an energy source.

Table 4. Analysis of the optimal pyrolysis oil sample (tyre pyrolysis at defined optimal conditions
120 min, 100 mL/min, 450 ◦C).

Property Method Result Unit

S content ISO 20487 0.407 %m/m
FTIR Spectrometry CEI IEC 590 - -

C aromatic CEI IEC 590 32.59 %m/m
C paraffin CEI IEC 590 51.06 %m/m

C naphthene CEI IEC 590 16.35 %m/m
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The results of FTIR spectroscopic analysis presented in Table 4 show the following
hydrocarbon content in mass percentages: aromatic hydrocarbons 32.59%, paraffinic hydro-
carbons 51.06% and naphthenic hydrocarbons 16.35% m/m. The FTIR spectrum is shown
in Figure 2.

3.4. Proximate Analysis of Pyrolysis Char

These tests included the proximate/technical analysis of char, i.e., the determination
of the following parameters: moisture content, ash, char residue, combustible materials,
volatile materials, and fixed carbon. The tests were conducted according to the procedures
for the proximate analysis of solid fuel, and a detailed description of the methods for
determining individual components can be found in [87]. The results of laboratory tests on
char obtained by pyrolysis of tyre waste are shown in Table 5.

Table 5. Results of the proximate analysis of the char sample.

Parameter %

Moisture content 0.73 ± 0.01
Ash content 12.11 ± 0.01
Char residue 93.83 ± 0.01
Fixed carbon 81.72 ± 0.01

Combustible substances 87.16 ± 0.01
Volatile substances 5.44 ± 0.01

According to the results of proximate analysis of tyre samples (Table 5), it can be seen
that the content of volatile matter is 5.44%, while the content of fixed carbon is 81.72%,
which is approximately the same as data in the literature [58,66]. In general, moisture, ash
and combustible materials make up 100% of the total matter. Fixed carbon (81.72%) is only
part of combustible matter, while the remaining part (5.44%) is volatile matter. The sum of
fixed carbon (81.72%) and ash (12.11%) constitutes the char residue (93.83%). The starting
raw material, i.e., rubber granulate, contains traces of metal tyre parts which ultimately
end up in ash as part of the final product, i.e., char, which essentially gives a higher ash
content. In this sense, before further application of char, separation of those metal parts, for
example by using electromagnetic separation, should be considered. However, ash content
of pyrolytic char (12.11 wt%) is in agreement with already published results regarding
tyre-derived char ranging from 12.32 to 14.58 wt% [59]. Galvagano et al. [88] reported an
ash content in tire pyrolytic char of between 11.78 and 15.33 wt%.

Pyrolysis char samples obtained from the pyrolysis of tyres under the optimal condi-
tions indicated to obtain the maximum yield of the liquid phase (reaction time 120 min,
450 ◦C and inert gas flow 100 mL/min) were subjected to calorimetric analysis. Using a
dynamic measurement method, the heating value of 31 MJ/kg was recorded. Based on all
the above results of the proximate analysis, the proportion of char residue, and the high
heating value, this product has exceptional potential to be used as an energy source. It is
worth mentioning that this solid product of tyre pyrolysis can also be used as an adsorbent
or catalyst carrier. That is, after the activation process, physical or chemical, changes occur
in the irregular pore structure of the carbon black matter, whereby the entire structure
becomes more voluminous and more crystalline in nature, that is, more symmetrical.

4. Discussion

In the study of Rodriguez et al. [50], tyre pyrolysis was examined from the point of
view of liquid phase yield, in a reactor with a fixed bed. It is shown that the yield of
the liquid phase constantly increased in the temperature interval 300–500 ◦C, and there-
after no significant changes occur when increasing the temperature. Suhanya et al. [74]
stated in their study of the yield of the liquid phase that the proportion of light oils in
the liquid phase, such as benzene and kerosene, increases with an increasing tempera-
ture, while the yield of pyrolysis char shows no significant variations. In the study of
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Rofiqulisam et al. [63] in the temperature range 375–575 ◦C, a yield of liquid products of
42 ± 2.3% m/m (at a temperature of 375 ◦C) was obtained. Initially, the yield increases
with an increasing temperature up to a maximum of 49 ± 1.3% m/m (at the temper-
ature of 475 ◦C), while with a further increase in temperature the yield decreases to
42± 1.4% m/m (at a temperature of 575 ◦C) [67]. Aydin and Ilkilic [89] performed pyrolysis
of tyre waste in a 1.15 L fixed-bed reactor with nitrogen as a carrier in the temperature range
400–700 ◦C. In their study, it was stated that the pyrolysis oil yield varies from 31% m/m at
400 ◦C, increases to 40% m/m at 500 ◦C and that further changes in yield with increasing
temperature were negligible. They also investigated the effect of carrier gas flow on yield
and found that the effect was negligible. In the research of Kar et al. [57], the results of the
study on the influence of temperature on tyre pyrolysis in a fixed-bed reactor were pre-
sented. A 10 g sample of raw material, nitrogen as a carrier gas, was used at a heating rate
of 10 ◦C/min and in the temperature range 375–500 ◦C, whereby the maximum pyrolysis
oil yield of 60% m/m at 425 ◦C has been achieved. This is significantly different from our
study or the studies mentioned above, but the result is not comparable because the sample
is much smaller, so heat transfer problems in such small systems are almost negligible. For
example, in experimental conditions similar to Kar et al. [57], Banar et al. [56] achieved
a maximum pyrolysis oil yield of 38.8% m/m, char 34% m/m and gas 27.2% m/m. The
experiment was conducted at 400 ◦C with a heating rate of 5 ◦C/min. Pyrolysis oil yields of
38% m/m at a temperature of 500 ◦C, under a heating rates of 15 ◦C/min, were also obtained
by Laresgoiti et al. [53], while according to another study [90], a yield of 40% m/m of oil,
40% w/m of char and 20% w/m of gas was obtained.

From the above discussion, it can be seen that most studies on tyre waste pyrolysis
consider a wider temperature range than that considered in this study. These studies
conclude that a higher temperature, generally above 500 or 475 ◦C, is not necessary to
achieve maximum pyrolysis oil yield. Contrary to those studies, a narrower temperature
interval was observed in this study, and it is shown that even a lower temperature, up to a
maximum of 450 ◦C, is sufficient to obtain the maximum oil yield.

It can be concluded that the yield of liquid products, as well as the conversion of the
raw material, depend on experimental conditions (process parameters), the composition
of the raw material, the type of plant in which the process is performed, the sample size,
from the reaction time. Therefore, for each system, or plant in which the pyrolysis process
takes place, it is necessary to clearly indicate the specified parameters, and examine the
corresponding yield.

According to the results found in this study, the introduction of carrier gas into the
tyre waste pyrolysis process increases the yield of the liquid phase at the expense of the solid
residue or pyrolysis char and pyrolysis gas. However, the study of
Hopa et al. [91] analysed the effect of the inert gas flow rate at a temperature of
450 ◦C, with a heating rate of 10 ◦C/min. The nitrogen flow rate varied between
500, 750, and 1000 mL/min. The maximum oil yield was obtained with a nitrogen flow rate
of 1000 L/min (53.33 wt%). However, this study analysed oil yield at higher inert gas flow
rates than our study. Nevertheless, we concluded that at lower carrier gas flow rates, the
liquid oil yield did not change significantly. It is sufficient to introduce a minimum flow
rate of the carrier gas (100 mL/min in this case) just to maintain an inert atmosphere and
facilitate the removal of steam from the reactor.

According to current EU norms, prescribed by Directive 2016/802 of the European
Parliament and of the Council [92] on the reduction of the sulfur content of certain liquid
fuels, the obtained oil could be used as a marine fuel, since the sulfur content does not
exceed 0.5% by mass. The pyrolysis oil obtained from tyres has a high heating value of
42 MJ/kg and its direct use as a fuel is possible, from the point of view of heating value,
viscosity and sulfur content. Other authors also state that the heating value of pyrolysis oil
obtained in similar experiments is 42 MJ/kg [50,53,61].

The FTIR results are slightly different from the statements of other authors who
analysed the pyrolysis of tyre waste, which was to be expected considering the different
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conditions of the experiments and the type of reactor, as already described. For example,
when testing tyres in a fixed-bed reactor, it is stated that the FTIR results indicate that the
distribution of hydrocarbons by peaks is as follows: aromatic hydrocarbons 35.60% m/m;
paraffinic 55.10% m/m and naphthenic 9.3% m/m [93]. Gonzalez et al. [94] obtained similar
results by FTIR analysis of pyrolysis oil obtained from tyres, such that the distribution of
hydrocarbons according to the peaks is: aromatic hydrocarbons 36.70% m/m; paraffinic
51.40% m/m and naphthenic 11.90% m/m.

5. Conclusions

Based on the results presented and discussed in this study, the following conclusions
can be drawn:

• Research on the influence of process parameters on the maximum pyrolysis oil yield
during the pyrolysis of tyres in a fixed-bed reactor shows that the optimal conditions
are as follows: a reaction time of 120 min, reactor temperature of 450 ◦C, inert gas
flow of 100 mL/min, with an installed heating power of 1000 W and a heating rate of
14 ◦C/min. This demonstrated the possibility of choosing a lower optimal temperature
than in previous similar studies.

• This study demonstrates that selecting a minimum carrier gas flow rate of 100 mL/min
is sufficient just to maintain the inert atmosphere and support the steam flow from the
reactor.

• Under optimal conditions, pyrolysis of tyre waste gives a product composed of:
43.63% m/m of pyrolysis oil, 13.61% m/m gas and 42.76% m/m solid residue.
The total conversion was 57.24%.

• The oil obtained from waste tyres is the most suitable for energy use, due to its high
heating value (42 MJ/kg). This is close to the heating value of high-quality coals
(43 MJ/kg) and the heating value of oil (44 MJ/kg). The results of FTIR analysis of the
pyrolysis oil show the following content in mass percentages: aromatic compounds
32.59%, paraffins 51.06% and naphthenes 16.35%.

• The low sulfur content (0.407%) in the obtained pyrolysis oil also indicates its potential
use as an energy source. The prescribed value of sulfur content in heating oil is 1%
m/m, for four types of liquid petroleum fuels (light special LS, light L, medium LUS
and heavy oil LUT).

• Pyrolysis char or carbon black obtained from the pyrolysis of tyre waste also has a
high calorific value (31 MJ/kg), and can be used as a solid fuel as well as an adsorbent,
catalyst or catalyst carrier after the activation process. Considering the increase in ash
content of 12.11 wt% due to the presence of trace metal particles, an additional step
for their separation must be considered before its further use as a raw material.
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