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Abstract: This paper presents the results of investigations on the pyrolysis of tyres 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 products yield (referred to pyrolysis of waste tyres) are also considered and discussed. On the
basis of the above mentioned 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 a calorimetric and infrared spectroscopy
analysis. The results of IR spectroscopy analysis on this oil sample showed the following content in
percentages (by mass): 32.59 % of aromatics, 51.06 % of paraffins and 16.35 % of naphthenes. The
pyrolysis oil so obtained has a high calorific value (42 MJ/kg) and a low sulfur content (0.41 % by
mass), which makes it an excellent raw material for energy production. The solid product, i.e.
pyrolysis char or carbon black, has the potential to be used as an adsorbent or catalyst support after
an activation process, which changes its irregular pore structure to a more voluminous one, making
the overall structure more crystalline and symmetrical. Pyrolysis coal has a fairly high calorific value
of 31 MJ/kg, when compared to typical solid fuels, so it can be used in energy production or as a
feedstock for the gasification process.

Keywords: pyrolysis; fixed bed reactor; tyres waste; pyrolysis oil; carbon black

1. Introduction

Nowadays communication in its broadest sense is the basis of civilization development and it
cannot even be imagined without developed traffic in which road traffic plays a leading role in many
elements. It is estimated that there are about 1.446 billion cars on the planet [1]. The consequences of
the mass use of road vehicles are, in addition to the emission of various air pollutants, about 30.9
million tons of end-of-life tyres to manage only in 2019 [2]. In the European Union (EU), the legislation
regarding this problem is fully regulated through a series of directives. European Commission
Directive 1999/31/EC (Directive on the Landfill of Waste) - from 2003 forbidden disposal of the entire
tyres waste in landfills. From 2006 cut and shredded tyres are also forbidden to landfill. Directive
2000/53/EC, (Directive on End-of-Life Vehicles (ELV)) - from 2006 proposed that 85% m/m of the mass
of old cars must be recycled. Since 2015 it is mandatory that 95% m/m of the mass of old cars must be
recycled. Directive 2000/76/EC (Directive on Incineration of Waste) - mandates that from 2008 old
tyres should be used as an energy source in cement factories. The European landfill directive was the
main driver of establishing management of end-of-life tyres. There is also a regulation which controls
eco-labeling of tyres [3].

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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In 2019, China was accountable for half of the total amount of waste tyres, USA and Europe for
another 23%, India for 21%, and the rest of the world for the remaining 20%. Also, China accounted
for the highest amount of non-recovered tyres, followed by the USA and EU. It is very interesting to
note that China has one of the lowest motorization rates worldwide despite the numbers of waste
tyres. India has a motorization rate below 50, while European Union countries and the USA have a
motorization rate higher than 500, so the efficient management of waste tyres should be developed
when the motorization of these countries will increase in the future [2,4].

At the end of 2021 for the purpose of promoting circular economy, the European Commission
proposed the limitation of waste export from the European Union. There are three different models
worldwide in regard managing of end-of-life tyres (2):

e  Tyre industry responsibility: Recovery, recycling and disposal of waste tyres is a responsibility
of tyre producers. They finance these activities through an eco-fee, which is charged on the
original sale price. This model is used in some European countries, Brazil, South Africa, Russia,
Ukraine, and South Korea.

e  Tax system: Each producer pays to the government a disposal duty that is added to the cost of
the new tyre. Recovery organizations are financed by the government and they are responsible
for the management of the used tyres. The following countries apply this model: Canada,
Croatia, Latvia, Denmark, and Slovak Republic.

e  Free market system: Dedicated enterprises are operating independently on recovering and
recycling waste tyres. This model is applied in Austria, Germany, Ireland, New Zealand,
Switzerland, Argentina, China, India, Indonesia, Japan, Malaysia, Mexico, Saudi Arabia,
Thailand, UK, and USA.

Figure 1 shows how tyres waste were treated worldwide in 2019. From the diagram it can be
seen that 59% of tyres waste were correctly disposed, and 41% of tyres waste were landfilled or
stockpiled [2].

ELT categories:
I Other (landfilled, stockpiled,
or unknown)

B Material recovery
Energy recovery

I Civil engineering &
backfilling

Figure 1. Treatment options for waste tyres in 2019 [2].

One of the techniques for tyre recycling is pyrolysis or thermal cracking. Pyrolysis is a
thermochemical process, which 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 in the form of 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 reactor for pyrolysis, as
well as by the process operating conditions. As a matter of fact, by adjusting the temperature, reaction
time, carrier gas flow rate, heating rate, product cooling rate, pressure, particle size of the starting
raw material, adding 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
[5,6].

Pyrolysis of car tyres waste has been relatively extensively researched in the past, similarly to
what has been done with other polymer-based materials, like plastics [7-12]. In a series of papers, an
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overview of significant research is given [13-24]. In the review paper [5,25] the latest achievements
were presented in the field of pyrolysis plants for processing of tyres 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 [6,26-
29].

Most of the 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. In those 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 requested energy consumption [17,30,31].

1.1. Products of pyrolysis of car tyres waste; composition and characteristics

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 are
in 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) [32,33].

The solid residue of the tyre pyrolysis process contains mostly carbon and minerals that come
from the filler and are present in the composition of the tyre before pyrolysis. This product is often
called pyrolysis char or carbon black. Carbons based materials, e.g. coal, carbon black, graphite,
carbon fibers, have different structures and may be amorphous or crystalline. The structure of carbon
materials depends on their starting materials and on the heat treatment process adopted [34].

Several authors investigated this residue for the purpose of using it as activated carbon, after the
activation process. Activated carbon is product of two processes, namely carbonization of raw
material and activation process. The first process enhances 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. Carbon dioxide or steam can be used as oxidizing
agents and they are mostly applied for the production of activated carbon from the end-of-life tyres.
After pyrolysis of waste tyres, the treatment with activating gas is carried out at temperatures
between 800 and 1000 °C in order to develop pores. Carbonisate shows a structure in which graphite-
like crystallites dominate. Unorganized carbon is developed from tarry substances during
carbonization and it fills up the free space among the graphite-like crystallites. In order to increase
the porosity, activation process needs to take place by applying steam or carbon dioxide.
Disorganized carbon is detached by gasification. It comes to mass loss and carbon atoms, which
originate from the original crystallites. They act as activating agent, developing new pores or
changing the existing one. As the gasification further takes place, the burn-off of the carbonaceous
material continues, and therefore it comes to further increase in the porosity. On the other hand,
carbonization and activation can be performed by adding a substance, resulting in a decrease of the
formation of tarry products.

This process is called chemical activation. Mostly used activating agents are ZnClz, HsPOs, and
KOH. Chemical agents prevent the tar formation and increase the yield of carbon. The rigidity of the
matrix depends on the properties of the agent used. At the end of the procedure, the chemical agent
is washed out. The process of chemical activation differs from the physical activation. During
chemical activation, the agent breaks into the carbon structure, acting as a matrix for the creation of
pores. When the chemical agent is washed out, a new porosity is obtained, and the carbon yield at
the end is greater than that obtained after physical pretreatment, because the excessive burning of
the carbon is not needed to create pores [35].
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An interesting study was conducted by Jones et al. [36], in which the authors have studied the
effect of Zn, ZnO, and ZnS on the physical properties of spent tyre pyrolysis char and their
transformation mechanisms with CO:z activation. It was found out that ZnO and ZnS act as catalysts
during activation, increasing the surface area, pore volume and burn-off. Mikulova et al. [37]
performed the pyrolysis of scrap tyres under different conditions (temperature ranging from 380 to
1200 °C, and heating rates 10, 20, and 50 °C/min). Carbon black was analyzed by Raman and Fourier
transform infrared (FTIR) spectroscopy, and the porous structure was determined. It was showed
that carbon black has two structures, graphitic and disordered. Thermal heating above 380 °C
activated the destruction with porous structure formation and specific area and total pore volume
also increased. Heating rate had not any effect on porous structure. Shah et al. [38] have produced
activated carbon from tyres waste through pyrolysis process and demineralization with acid prior
the activation. Acid treatment is a great way to demineralize and improve the surface area of the
carbon black, after activation at 900 °C. The study revealed that acid treated activated carbon from
tyres waste is a good adsorbent. Lee ef al. [34] analyzed the carbon black activation, mostly through
XRD analysis with particular reference to the structural parameters. The amorphous fraction of the
carbon black surface was firstly activated, and later the less-developed crystalline carbon region
inside the carbon black particles was activated. As the activation process took place, the more-
developed crystalline carbon region was activated, and on this way pores inside the carbon black
grew larger. At the end of the activation process, crystallite size decreased, implying that graphite
crystals had been activated, and so causing the growth of internal pores, creating larger pores.

Generally, activation of carbon promotes higher surface area, higher micropore volume and
average pore volume, as it is shown in [39], which further implies more symmetrical structure of
active carbon. Waste tyre activated carbon can be applied in different applications, wastewater
treatment, dye removal, or energy storage [40].

Rodriguez et al. [41] 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 sulphur, which is important from the aspect of using char as a fuel, and that its
heating value is ranging in the interval 27-29 MJ/kg. Some authors state that the heating value of char
is approximately 30 MJ/kg [32,42]. Choi ef al. [43] conducted one- and two-stage pyrolysis of tyres
waste. Authors studied the concentration of sulphur in obtained pyrolysis oil and concluded that that
pyrolysis oil obtained at temperatures around 500 °C had lower sulphur content than pyrolysis oil
obtained at temperatures around 600 °C.

The liquid phase is considered the most important product of pyrolysis of tyres waste. Gas
chromatography-mass spectrometry (GC/MS) is the most commonly used technique for analyzing
not only liquid, but all pyrolysis products. In their work, Laresgoiti ef al. [44] gave one of the most
complete descriptions of liquid products of pyrolysis by applying GS/MS analysis, elemental analysis
(proximity analysis), where the heating value of the corresponding products is also given. Liquid
products of pyrolysis represent a complex mixture of Cs-Ca24 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 M]J/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. [41] also reported a heating value of approximately 42
M]J/kg, with a nitrogen and sulfur content of 0.4 and 1.2 m/m, respectively. Furthermore, about 30%
m/m of the total amount of the liquid phase is a light fraction with a boiling point in the interval 70-
210 °C, which is essentially the same as commercial petroleum, while 60% m/m has a boiling point in
the interval 150- 370 °C, which is in range of typical commercial oils.

The yield and composition of pyrolysis gases vary and have different values from one study to
another, which can be attributed to different operative conditions associated to the process, reactor,
etc. The approximate yield of gases in tyre pyrolysis is 10-30% m/m [32,45] and essentially the yield
of pyrolysis gases increases with increasing the temperature. Its heating value is between 30 and 40
M]J/kg. Basically, different authors agree with the fact that pyrolysis gases are Hz, H2S, CO, CO2, CHs,
C2H4, CsHs, and other light carbohydrates [14].
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1.2. Influence of the process parameters on tyre pyrolysis

When it comes to the quantitative and qualitative composition of the products of the pyrolysis
process, a very wide range of published results can be observed. Representation of each individual
phase depends on the operating conditions of the process, namely temperature, pressure, heating
rate, size of raw materials, method of heat transfer, catalysts, etc., as well as on the type of reactor
used for pyrolysis.

Depending on the temperature range, pyrolysis process can be divided into three categories:
slow pyrolysis when temperature does not exceed 300 °C, moderate or medium-temperature
pyrolysis when temperature of the pyrolysis process is between 300 and 500 °C, and fast pyrolysis or
high-temperature pyrolysis, when temperature is above 500 °C [46].

Most authors examine tyre pyrolysis in the temperature range of 400-600 °C [15,25,47-51],
focusing mainly their attention on the liquid phase yield. By increasing the pyrolysis temperature,
the proportion of pyrolysis gas increases and the proportion of char and the liquid phase decreases.
The increase in gas yield and the decrease in yield of liquid products are directly related to the
increase in temperature, due to decomposition of vapors into stable gases and to 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. [52] studied the
pyrolysis of waste truck powder in 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 significant influence on the gas yield. Heating rates in the range between 10
and 15 °C/min minimize the evolution of CO, COz and Hz and promote the formation of C2Hs, CsHs,
CsHe and H-S.

Williams et al. [53] performed pyrolysis of tyres waste in the temperature range of 300-720 °C
and heating rate ranging from 5 to 80 °C/min, and finds that the maximum conversion of tyres occurs
at a temperature of 600 °C, if the yield of pyrolysis oil is considered as a reference. Similar research
results are presented by Clark et al. [54].

Laresgoiti et al. [55] prove that pyrolysis temperatures above 500 °C have no significant effect on
gas yield and carbon residue. However, the change in temperature affects the composition of
pyrolysis gas products. Rodriguez et al. [41] performed pyrolysis with a raw material with a cross
section of 2-3 centimeters, as a simulation of the entire tyre, at temperatures in the interval 300-700
°C. Their report states that the distilled liquid products are a mixture of hydrocarbons, containing
0.4% m/m of nitrogen and 1.2% m/m of sulphur. About 30% m/m of this is a volatile fraction with a
boiling point of 70-210 °C and about 60% m/m boils in the temperature range of 150-370 °C.

After the occurrence of the pyrolysis of tyres, the content of hydrogen sulfide is below 0.3% m/m,
while in the laboratory analyzes that preceded the pyrolysis, there was about 2% m/m of sulfur in the
raw material. After pyrolysis, sulfur remained in the char in the form of zinc sulfide and calcium
sulfide [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 in the range of 400-500 °C. After that, at
temperatures higher than 500 °C, there are no significant changes and the yield of liquid products is
constant. The increase in gas yield in relation to the change in temperature is 2.4% m/m at 400 °C,
while at an increase in temperature to 700 °C the gas yield increases to 4.4% m/m [56]. Similar
behavior is found by Xu et al. [57] with the FTIR spectrum at different temperatures.

Islam et al. [58] 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 side 4 cm, with a heating rate of 5 °C/min under a
nitrogen carrier gas in a reactor with tubular flame heaters.

Zabanioti and Stavropolos [59] performed pyrolysis under helium atmosphere in the
temperature range 390-890 °C and at a heating rate of 70-90 °C/min, and in these conditions they
conclude that the char yield decreases with temperature to a final value of 20% m/m from the total
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initial mass of raw material at 830 °C. The gas yield also increases with increasing temperature and
reaches a maximum of 73% m/m of the total initial mass of raw material also at about 830 °C. Lee et
al. [20] in the similar temperature intervals (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 at the
expense of liquid products which on in the end it has approximately 25%. Increasing the temperature
does not significantly affect the char yield.

Chang [60] showed in his research that the yield of tyre pyrolysis is distributed between 30-53%
m/m gas, 28-42% m/m liquid distillates and 14-28% m/m char. Barobboti et al. [61] performed
pyrolysis in the temperature interval 400-460 °C, with nitrogen as a carrier gas, which had a flow rate
of 0.2-0.5 m3/h, while the size of the raw material was in the interval 2-20 mm. As optimal conditions,
viewed from the aspect of yield of liquid distillates, they indicated a temperature of 430 °C, with a N2
flow rate of 0.35 m%*h and a raw material size of 10 mm. Under the aforementioned experimental
conditions, the yield ratio is char 32.5% m/m and 51% m/m liquid distillates and 16.5% m/m pyrolysis
gases. The introduction of a carrier gas into the pyrolysis process of tyres waste increases the yield of
the liquid phase at the expense of the solid residue and pyrolysis gas [62]. The yield depends on the
carrier gas, so that the use of water vapor as a carrier results in a lower content of sulphur in the
liquid phase (0.1289% m/m), while its content increases in the solid phase (2.5% m/m). However, the
use of N2or Hz as carrier gas gives the opposite effect, which is again important from the aspect of
using pyrolysis products as a fuel. Murena et al. [63] 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 390-430 °C. At such parameters the yield of liquid distillates is maximized,
while char is reduced to a minimum. Roy et al. [42] performed pyrolysis with a constant temperature
of 500 °C, but varied the pressure in the interval 0.8-28 kPa. It was shown that the change in pressure
did not significantly affect the yield of pyrolysis as a whole, and that the change in pressure did not
affect the change in the yield of any individual product. Nevertheless, the change in pressure
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].

Various types of reactors, such as fixed bed reactor, vacuum reactor, fluidized bed reactor, etc.,
are used in tyre pyrolysis. Williams [25] gave 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, a fairly wide range of yields of different products can be
observed, depending on the applied conditions and type of reactor. In general, in fixed bed reactors
the yield of liquid, solid and gaseous products ranged from 20.9, 40.7 and 23.9 % m/m (at 950 °C,
under ~2 °C/min), while to 63, 30 and 7 % m/m (at 350-450 °C, under 30 °C/min), respectively.

In general, based on the above-mentioned findings, it can be stated that the research in the field
of pyrolysis of tyres waste indicates different results; some authors state that changes in process
parameters do not have a significant impact on products; others focused their research mainly on
temperature, as a process parameter. What is characteristic of the mentioned researches is that they
were carried out both in different conditions, often insufficiently 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 by DTG (first order derivative of TG) data
[64]. It can be stated that there is a significant variation of the data on the working conditions of the
process, 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 a light by
analyzing a significant number of appropriate cases studied with the view to find the most suitable
temperature and flow of inert gas to obtain, in a fixed bed reactor, the maximum yield of pyrolysis
oil.

2. Materials and Methods
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Tyres waste that were previously shredded, namely tyres from passenger cars, trucks and work
machines. 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 that 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 [65].

Table 1. Results of proximate analysis of tyres 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

Pyrolysis experiments were conducted in a lab-scale fixed bed bach reactor, which enables the
examination of 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 software package.
Regulation of the operation of the heater, i.e. temperature control, was carried out using the
temperature controller CelciuX (EJIN-TC4A-QQ), company OMRON, with prior adjustment of the
PID constants. Inert gas flows were measured with a Brokkhorst mass flow meter, model MASS-
VIEW MV-304, which has the additional possibility of fine flow regulation, and covers measurement
ranges between 40-20000 mL/min. Nitrogen with the purity of 99.99% was used as a carrier gas.
Description of the experimental techniques and reactors can be found in previous studies [66—68].

The yield of the liquid phase, pyrolysis oil, was determined by measuring the mass of the
obtained products after their collection in the separation system. A smaller part of the product that
remained behind in the condensation system was also collected and measured, and it was presented
together with the mass of the liquid phase from the separation system. The solid residue, i.e. pyrolysis
char or carbon black, was determined by measuring the mass of residue, found in the reactor after
the end of the process and cooling. The yield of the gas phase was determined from 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 laboratory scale KERN PLJ 3500-2NM. Sulfur content was determined by X-ray-
fluorescence spectrometry (XRF Oxford), according to the ISO 20847 method. Qualitative chemical
analysis of the obtained fuels was performed by FTIR spectroscopy (FTIR 1600 Perkin Elmer),
method: CEI IEC 590. 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 intervals of
thermal decomposition are observed, while during the reaction, a long enough time interval is
usually chosen, so that maximum decomposition can be expected at the selected temperature. In the
literature, one can find a number of published TG and DTG curves of tyre pyrolysis, or as it is often
stated, thermal decomposition in an inert atmosphere, which may differ according to different
conditions of conducting experiments [14,33,60,62,69-71]. Considering the above-mentioned facts,
the reactor temperature of 425 °C was chosen for the initial recording, because only at that
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temperature higher decomposition rates can be expected, which the subsequent experiments will
show. For the second temperature, a temperature of 500 °C was chosen, given that according to the
results of numerous TG and DTG curves, the maximum decomposition rates of the examined
polymers are below the given temperature. Also, a number of studies look at processes at intervals
over 500 °C [43,72-74]. Regarding the reaction time, a time of 120 minutes was chosen for the initial
experiment, considering that the given time is sufficient for complete thermal decomposition to take
place at the selected temperature.

3.1. Effect of temperature on tyre pyrolysis

In Table 2 and in Figure 2 the effect of temperature on the yield of the pyrolysis process is given.
A significant increase in raw material conversion is observed, i.e., reduction of the mass of the solid
residue in the reactor, in the interval from 425 — 500 °C. The maximum yield of the liquid phase
(pyrolysis oil) is obtained at 450 °C, and at 475 and 500 °C the small increase in raw material
conversion in relation to temperature is negligible of 450 °C, whereby the yield of pyrolysis oil
decreases at the expense of a higher yield of gaseous products. This can be explained by the fact that
secondary reactions begin to dominate at higher temperatures, i.e. reactions in which molecular
chains break further, resulting in less oil and more gaseous products [21,72,75].

Table 2. Product yield depending on the temperature.

Temperature Oil yield (%m/m) Char yield (%om/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
100
80
= 50 Ochar
by 49727 42.99 4240 42,22 -
= — 39,81 43,61 43,48 42,58 | =Eyente
= i —: —
B 1 — — = o gas
g = =
20 1| % 10,92 | % 13.40 % 1412 | E15.20
|:| :_| I :_‘ I — : %
425 450 475 500
temperature ("C)

Figure 2. Effect of reactor temperature on pyrolysis of tyres waste (120 min, inert gas flow rate 500
mL/min, heat rate 14 °C/min).

In the tested pilot plant for pyrolysis, i.e. the tested reactor with a fixed bed and characteristic
heating of the mixture, the optimal temperature of the reactor for the pyrolysis of tyres waste, in
terms of the maximum yield of liquid products, is 450 °C at a time of 120 min. The specified values
were used as fixed values for the next set of tests.

3.2. Effect of inert gas flow on tyre pyrolysis
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An interval 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 of the contents of the reactor, raw material and solid product
being carried out in the gas flow, i.e., due to the occurrence of bed fluidization. Since the inert gas
serves not only to achieve an inert atmosphere, but also to remove steam and gaseous products from
the reactor, i.e., the entire pilot plant, it is clear that with a change in carrier gas flow, the residence
time of these products in the reactor actually changes.

Table 3 and Figure 3 show the yields of pyrolysis products depending on the carrier gas flow.

Table 3. Product yield depending on the carrier gas flow rate.

Flow rate (mL/min) Oil yield (%m/m) Char yield (%m/m) Gas yield (%om/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
100
80
;? ﬁﬂ Ochar
P 52.55 42,76 42,99 43,53 2
Bl [ ] B pyrolitic
£ 3713 43,63 43,61 43,01 oil
g 40 1 E = = Dgas
£ = |2 |E
20 H =10.02 E-13.61 51340 5— 1346 ——
A e
0 0,1 0,3 0,5
carrier gas flow N, (mL /min)

Figure 3. Effect of carrier gas flow on tyre pyrolysis at 450 °C (heating rate 13.45 °C/min).

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
without carrier gas flow 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 the Figure 3 and
the Table 3, it can be seen that at nitrogen flow values of 100, 300, and 500 yield of individual products
almost did not differ. However, it can be stressed that there is no increase in the yield of liquid
products under 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 cause further secondary
reactions, i.e. shortening of molecular chains and formation of gaseous (non-condensable) products.
It is obvious that at higher carrier gas flows, purely fluid dynamic conditions in the tested reactor
begin to prevail, i.e. it can be assumed that there is a more intensive contact of steam and gaseous
products with the surface of the heater in the upper part of the reactor, whose temperature is normally
higher than the temperature in the lower part reactor, and more intense secondary reactions take
place, which give a higher yield of gaseous products.
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It can be seen from the given data that the process is still dependent on the carrier gas flow.
Namely, in the experiment with static air (no gas flow) the raw material conversion is significantly
lower (52.55% m/m of unreacted raw material) than during all other experiments in which there was
a carrier gas flow. It can be concluded that the introduction of carrier gas into the pyrolysis process
of tyres waste increases the yield of the liquid phase at the expense of the solid residue or pyrolysis
char and pyrolysis gas.

According to the results presented in Figure 2 it can be concluded that for the tested pilot plant,
the optimal carrier gas flow, in terms of maximizing the amount of liquid products, is 100 mL/min.

It should be noted that an extremely high yield of solid residue is obtained in all experiments,
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

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

In addition, the results of the 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
CEIIEC -
FTIR Spectrometry 590 -
C aromatic CELIEC 32.59 fom/m
590
. CEIIEC Yom/m
C paraffin 590 51.06

C naphthene CE;;OEC 1635 om/m

The results of FTIR spectroscopic analysis, presented in Table 4 show the following hydrocarbon
content in mass percentages: aromatic hydrocarbons 32.59 %, paraffinic hydrocarbons 51.06 % and
naphthenic hydrocarbons 16.35 % m/m. FTIR spectrum is given in Figure 4.
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Figure 4. FTIR Spectrum of pyrolysis oil.
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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 [76]. The results of laboratory tests of char obtained by pyrolysis of tyres waste are given
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 the proximate analysis of tyre samples (Table 5), it can be seen that
the content of volatile matter is 5.44%.

Pyrolysis char samples obtained from pyrolysis of tyres under the given optimal conditions for
obtaining the maximum yield of the liquid phase (reaction time 120 min, temperature 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 registered. Based on all the above results of proximate
analysis, the proportion of char residue, and the high heating value, this product has an exceptional
potential to be used as an energy source. It is worth mentioning that this solid product of tyre
pyrolysis can be used as an adsorbent or catalyst carrier, as well. Namely, after the activation process,
either physical or chemical, there are changes in the irregular structure of the pores of the carbon
black matter, so that the whole structure becomes more voluminous and more crystalline in nature,
i.e. more symmetrical.

4. Discussion

In the work of Rodriguez et al. [41] pyrolysis of tyres was examined from the aspect 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 after that there are no significant changes with
increasing the temperature. Suhanya et al. [65] 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
increasing the temperature, while the yield of pyrolysis char does not show significant variations. In
the study of Rofiqulisam et al. [58] in the temperature interval 375-575 °C, a yield of liquid products
of 42 + 2.3% m/m (at a temperature of 375 °C) was obtained. At the beginning, the yield increases
with the increase in temperature to a maximum of 49 + 1.3% m/m (at a temperature of 475 °C), and
with a further increase in temperature, the yield decreases to 42 + 1.4% m/m (at a temperature of 575
°C) [58]. This trend corresponds to the obtained experimental data, as can be seen in Figure 2. Aydin
and Ilkilic [77] performed the pyrolysis of tyres waste in a 1.15 liter fixed bed reactor with nitrogen
as a carrier in the temperature range 400-700 °C. In their work, it was stated that the yield of pyrolysis
oil ranges 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
the yield, and found that the effect was negligible. In the work of Kar et al. [48], the results of the
investigation on the influence of temperature on the pyrolysis of tyres in a fixed bed reactor were
presented. A sample of 10 g of raw material was used, nitrogen as a carrier gas, at a heating rate of
10 °C/min and in the temperature interval 375-500 °C, whereby the maximum pyrolysis oil yield of
60% m/m at 425 °C was achieved. In similar experimental conditions, Banar et al. [47] achieved a
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maximum yield of pyrolysis o0il 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. [44],
while according to other study [78], a yield of 40% m/m oil , 40% w/m char and 20% w/m gas was
obtained.

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), composition of the raw material,
type of plant where the process is performed, sample size, reaction time. Therefore, for each system,
or plant in which the pyrolysis process takes place, it is necessary to clearly state the specified
parameters, and examine the corresponding yield.

According to the results found in this study, the introduction of carrier gas into the pyrolysis
process of tyres waste 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. [79] analyzed the effect of inert
gas flow rate at the temperature of 450 °C, at heating rate of 10 °C/min. Nitrogen flow rate was varied
between 500, 750, and 1000 mL/min. Maximum oil yield was obtained at 1000 L/min nitrogen flow
rate (53.33 wt%). However, this study analyzed the oil yield at higher inert gas flow rates than our
study. Nevertheless, we came to the conclusion that at lower flow rates, liquid oil yield was not
changing significantly.

According to the current EU norms, prescribed by the Directive 2016/802 of the European
Parliament and of the Council relating to a reduction in the sulphur content of a certain liquid fuels,
the obtained oil could be used as a marine fuel, since the sulphur content does not exceed 0.5 % by
mass. 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 aspect of heating value, viscosity and sulfur content. Other authors also state
that heating value of pyrolysis oil obtained in similar experiments to be 42 MJ/kg [41,44,52].

The results of FTIR spectrometry are somewhat different from the statements of other authors
who analyzed the pyrolysis of tyres waste, which was to be expected considering the different
conditions of the experiments and the type of reactor, as already described. For example, during the
run-through of tyres in a reactor with a fixed bed, it is stated that the FTIR results indicate that the
distribution of hydrocarbons based on the peaks is: aromatic hydrocarbons 35.60% m/m; paraffinic
55.10% m/m and naphthenic 9.3% m/m [80]. Gonzalez et al. [81] obtained similar results by FTIR
analysis of pyrolysis oil obtained from tyres, such that the distribution of hydrocarbons based on the
peaks is: aromatic hydrocarbons 36.70% m/m; paraffinic 51.40% m/m and naphthenic 11.90% m/m.

From the 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 equal to literature data [49,57].

5. Conclusions

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

e  Research on the influence of the process parameters on the maximum yield of pyrolysis oil
during the pyrolysis of tyres in a fixed bed reactor shows that the optimal conditions are:
reaction time of 120 min, reactor temperature of 450 °C, inert gas flow of 100 mL/min, at an
installed heating power of 1000 W and a heating rate of 14°C/min.

e  Under optimal conditions, the pyrolysis of tyres waste yields a product consisting of: 43.63%
m/m pyrolysis oil, 13.61% m/m gas and 42.76% m/m solid residue, all in mass percentages, that
is, the total conversion of raw materials into pyrolysis oil and gas of 57.24% is achieved.

e  Pyrolysis oil obtained from tyres is the most suitable for use for energy purposes due to its high
heating value (42 MJ/kg), which is close to the heating value of higher 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%.

e  The low content of sulfur (0.407%) in the obtained pyrolysis oil also indicates its potential for
use as an energy source. The prescribed value of sulfur content in heating oil is 1% m/m, for 4
types of liquid petroleum fuels (light special LS, light L, medium LUS and heavy oil LUT).
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e  Pyrolysis char or carbon black obtained by pyrolysis of tyres 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.
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