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A B S T R A C T

This study focuses on the use of car tyre waste collected at a tyre repair station in Krakow (Poland). Waste from
damaged tyres is disposed of as municipal solid waste. Therefore, the management of waste tyres already shred-
ded by pyrolysis at 500 °C has been proposed. Tyre waste was hypothesised to be converted into valuable chemi-
cal products by pyrolysis in a hybrid reactor (drop-tube–fixed-bed reactor). On a micro scale, pyrolysis–gas chro-
matography–mass spectrometry was used to analyse the pyrolysis process. It has been shown that the formation
of aromatic hydrocarbons during pyrolysis clearly depends on whether the catalyst and tyre waste are mixed to-
gether or arranged in layers. Since the layered arrangement favoured the formation of hydrocarbons, such a sys-
tem was used in the drop-tube–fixed-bed reactor. The high heating rate (500 °C/s) of tyre particles in the drop-
tube–fixed-bed reactor at 500 °C allowed for the obtained a raw carbon black yield of 40.8 %. A similar yield of
raw carbon black determined by thermogravimetric analysis for a heating rate of 0.17 °C/s) was observed at
800 °C. However, before commercial use, raw carbon black requires demineralisation because of its high ash con-
tent (approximately 50 %). The raw carbon black ash contained up to 90 % SiO2, indicating that it could be a
valuable catalyst material.

Pyrolysis of tyre waste over the catalyst reduced the oxygen content in the oil and yield. The oil yields of tyre
pyrolysis without a catalyst and over zeolite Y were 38 wt% and 35 wt%, respectively. The main components
identified in the tyre pyrolysis gas were methane (27.6%), ethene (28.8%), and hydrogen (15.6%). The gas from
catalytic pyrolysis was richer in CO and CO2.

Nomenclature

Abbreviations

A Ash
AR Auger reactor
cat Catalyst
CFLBR Circulating fluidised-bed reactor
CSBR Conical spouted-bed reactor
DTG Derivative thermogravimetry
DTR Drop-tube reactor
DT-FBR Drop-tube–fixed-bed reactor
ELTs End-of-life tyres
FBR Fixed-bed reactor
FC Fixed carbon

FLBR Fluidised-bed reactor
FT-IR Fourier-transform infrared
FR Feed rate
HHV Higher heating value
HR Heating rate
HTO High-temperature oxidation
LTO Low-temperature oxidation
M Moisture
MTO Mid-temperature oxidation
PS Particle size
Py-GC–MS Pyrolysis–gas chromatography–mass spectrometry
rCB Recovered carbon black
RKR Rotary kiln reactor
S/C Sample-to-catalyst ratio
T Pyrolysis temperature
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TGA Thermogravimetric analysis
TIC Total ion chromatograms
TPG Tyre pyrolysis gas
TPO Tyre pyrolysis oil
TW Tyre waste
VM Volatile matter
VRT Vapour residence time
XRF X-ray fluorescence

1. Introduction

Producing fuels and chemicals from waste and biomass is an appro-
priate way to decrease the carbon footprint associated with the use of
fossil fuels in energy production. End-of-life tyres (ELTs) are a notewor-
thy waste that can be used to obtain recovered carbon black (rCB), tyre
pyrolysis oil (TPO), tyre pyrolysis gas (TPG), and steel from pyrolysis.
The carbon footprint of producing TPO, rCB, and steel in this manner is
80 % smaller than that of conventional production based on fossil fuels
[1]. In Poland, according to data from 2019, 268.5 thousand tons of
new tyres were produced, of which the total material and energy recov-
eries were 47.3 % and 31.3 %, respectively [2]. ELTs are calorific
wastes whose higher heating value (HHV) ranges from 33.4 to
38.6 MJ/kg [3]. ELTs consist of 14–48 wt% natural rubber, 10–27 wt%
synthetic rubber, 11–28 wt% carbon black, 14–25 wt% steels, and
12–17 wt% fabric, fillers, accelerators, and antiozonants [4]. Truck
tyres contain more steel and natural rubber than car tyres [5].

Although research on the pyrolysis of ELTs has been conducted for
more than 50 years [6], the quality, yield, and application of the pyrol-
ysis products still require further improvement in many aspects. The
thermal treatment of ELTs by pyrolysis is not always effective due to in-
adequate control of raw materials, material heterogeneity, or a too high
pyrolysis temperature [7]. The quality and yield of the pyrolysis prod-
ucts of ELTs depend primarily on the operating conditions of the
process, which are classified as flash, fast, intermediate, and slow [8].
The use of high heating rates of approximately 1000 °C/s and short
vapour residence times (VRTs) in the reactor favour the production of
TPO via the fast pyrolysis process. Three other factors that determine
the quality and yield of the pyrolysis products are the types of reactor,
catalyst used, and pressure [9]. The reactors used for the ELTs pyrolysis
are summarised in Table 1. A fixed-bed reactor is commonly used for
the pyrolysis of ELTs at the laboratory scale [10]. Regardless of the re-
actor type, i.e., (i) horizontal fixed-bed, (ii) vertical fixed-bed, or (iii)
one/two-step catalytic bed, they operate only in the batch mode. ELTs
pyrolysis over the zeolite-Y catalyst in a fixed-bed reactor produced sig-
nificantly higher concentrations of benzene, toluene, xylenes, naphtha-
lene, and alkylated naphthalene’s compared to the ZSM-5 catalyst [11].
Boxiong et al. [12] suggested that, a catalyst/tyre ratio of 0.5 provides

Table 1
ELTs pyrolysis reactors—analysis of the state-of-the-art.
Pyrolysis reactor Non-catalytic

pyrolysis
Catalytic
pyrolysis

Reference

Fixed-bed reactor (FBR) [10] [11–13]
Fluidised-bed reactor (FLBR) [14] [15]
Circulating fluidised-bed reactor

(CFLBR)
[16] No research

Conical spouted-bed reactor (CSBR) [17] [18]
Auger reactor (AR) [19] [20]
Rotary kiln reactor (RKR) [21] [22]
Drop-tube reactor (DTR) [23] No research
Drop-tube–fixed-bed reactor (DT-FBR) No research No research

the best balance between maximizing the production of certain aro-
matic hydrocarbons and maintaining an acceptable overall oil yield. A
comparison between microporous and mesoporous catalysts showed
that microporous zeolite Y catalysts produced higher C8-C12 hydrocar-
bon production, reaching up to 27 % carbon [13]. At the same time, ze-
olite Y exhibited higher coke formation during the pyrolysis reaction
compared to the MCM 41 catalyst. Fluidised-bed reactors and circulat-
ing fluidised-bed reactors are popular in industry, which is due not only
to the high yield of TPO, but also to its ability to operate continuously
[14]. The use of catalysts with different surface acidities and selective
porosities (zeolite Y and ZSM-5) allowed to obtain similar concentra-
tions of chemicals in the product oil [15]. This similarity was attributed
to the short residence times of gases in the catalytic fluidised −bed reac-
tor.

A conical spouted bed reactor (CSBR) can be considered as a simpler
design for a fluidised bed reactor without a distribution plate. Both the
design of the CSBR, which forces a short residence time for the ELTs
particles, and the high intensity of heat and mass transfer between the
solid and gaseous phases promote a high TPO yield [17]. Poor-quality
rCB have been reported in conical spouted-bed reactors that need to be
activated [18]. In the category of reactor mobility, that is, the ability to
move the reactor to any place where ELTs are stored, the auger reactor
is incomparable. The TPO yields at 500 °C were of good quality and
equal to more than 40 % of the product yields [19]. In commercial and
semi-commercial tyre pyrolysis systems, the TPO production yield
ranges from 45 to 52 wt% [24]. Pyrolysis of ELTs with CaO addition ef-
fectively reduced the sulphur content and also led to a decrease in the
viscosity of TPO, which improves its potential usability as a fuel [20].
The screw system must be constantly monitored to prevent feedstock
buildup and reactor clogging. ELTs are typically ground into irregular
shapes prior to pyrolysis. The variable shape and size of the feed mater-
ial are not a problem in rotary kiln reactors [21]. However, such reac-
tors are characterised by a nonuniform temperature distribution in the
radial and axial directions. Consequently, the temperature stability of
the pyrolysis process is low. The application of spent fluid-catalytic-
cracking (FCC) catalysts in the pyrolysis of ELTs resulted in an increase
in the pyrolysis oil yield [22]. The content of light aromatic compounds
in the pyrolysis products increased by more than 90 % when utilizing
spent FCC catalysts. Providing a uniform temperature along the length
of the drop-tube reactor is challenging [23]. In general, the longer the
reactor, the more difficult it is to ensure a uniform temperature.

The last parameter that determines the pyrolysis products is the
pressure. Pressurized pyrolysis and subsequent processes such inline
catalytic cracking and steam reforming can significantly increase the
yield of desired products such as single-ring aromatics and methane
[25].

This paper presents the results of experimental research on car tyre
waste (TW) pyrolysis using a drop-tube–fixed-bed reactor (DT-FBR).
The use of DT-FBR contributes to going beyond the state-of-the-art ap-
proaches. According to the literature review, no experimental studies of
catalytic pyrolysis in this type of reactor have been conducted yet. It
was hypothesized that utilizing DT-FBR, in the pyrolysis process of tyre
waste will result in the formation of specific chemical products with
higher yields and improved quality compared to other type of reactors.
Moreover, compared to previously published studies on catalytic pyrol-
ysis of tyres in fixed-bed reactors, a research gap was filled regarding
the formation of pyrolysis products when the catalyst was or was not
mixed with tyre waste.

The aim of this work was also to demonstrate the possibility of using
TW that is currently landfilled. The results of these studies may encour-
age vulcanisation plants to collect and manage TW sustainably.
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2. Materials and methods

ELTs in Poland can be utilised through combustion, gasification, or
pyrolysis for the production of new materials and the recovery of chem-
ical energy. In vulcanisation plants, in addition to ELT collection, car
tyre waste (TW) is generated, which is not segregated and enters land-
fills. TW was selected as the raw material for pyrolysis to use of its en-
ergy potential and avoid landfilling.

2.1. End-of-life tyres and catalyst characterization

TW fraction of 500–5000 µm was collected at a car tyre repair sta-
tion in Krakow (Poland). After sieving, this TW fraction does not need
to be ground using energy; thus, it could be a favourable feedstock for
thermal conversion. The inter-sieve fraction of 500–800 µm containing
6.45 % of steel was used for the investigations. Typically, ELTs
analysed in the literature are pretreated to remove steel components
[26]. The samples prepared for pyrolysis in this study contained steel
and are abbreviated as TW. The TW fed into the pyrolysis process con-
tained steel as there were some difficulties in the magnetic separation
of the steel from the TW; however, the presence of iron could act as a
catalyst. The proximate and ultimate analyses of TW are presented in
Table 2. Ultimate analysis was performed using a Vario Micro Cube ele-
mental analyser (Elementar, Germany). The literature values of proxi-
mate and ultimate analyses of ELTs range widely. Tyre tread rubber
(TTR) has a different composition from that of sidewall rubber (SWR).
SWR contains four times less ash than TTR (2.14 % and 18.04 %, re-
spectively) [27]. Moreover, depending on the type of tyre (cars, trucks,
and agricultural vehicles), tyres can contain 54.01–89.5 % carbon. Ow-
ing to the high carbon content of the ELTs, standards for coal were used
for the proximate and ultimate analyses. TW was characterised by a
high ash content (21.40 %), which promoted an increased yield of rCB
during pyrolysis.

The tar formed during pyrolysis easily accumulates on the walls of
the lines connecting the ice cooler to the rCB bin. They not only make it
difficult to precisely determine the TPO yields, but also reduce the di-
ameter of the lines. The use of a catalyst for pyrolysis minimises tar for-
mation and improves the quality of the obtained TPO. In this study, a
zeolite Y catalyst (Si/Al ratio of 26.3; specific surface area of 780 m2/g)
purchased from Alfa Aesar was used. The zeolite Y was first calcinated
at 550 °C for 3 h to remove moisture and activate the catalyst before
TW pyrolysis. A silica–aluminium acid catalyst such as zeolite Y is a

Table 2
Proximate and ultimate analyses of studied TW and reference data for ELTs.
Proximate and ultimate analyses, wt.%, aad

Parameter Standard Present study Reference

Moisture (M) ISO 18134–2:2017–
03

0.94 ± 0.08 0.4 [28] – 2.67 [29]

Volatile Matter
(VM)

ISO 562:2010 65.14 ± 0.24 56.72 [4] – 83.9 [30]

Ash (A) ISO 1170:2010 21.40 ± 0.10 2.14 [27] – 22.80
[31]

Fixed Carbon (FC b) ISO 1213–2:2016 12.52 ± 0.42 7.30 [30] – 36.90
[32]

C ISO 29541:2010 68.31 ± 0.14 54.01 [31] – 89.50
[4]

H ISO 29541:2010 6.76 ± 0.06 4.73 [31] – 8.2 [20]
N ISO 29541:2010 0.31 ± 0.04 <0.1 [20] – 1.0 [4]
S ISO 19579:2006 1.61 ± 0.10 0.29 [27] – 3.31 [5]
Cl ISO 587:2000 0.05 ± 0.05 0.21 [31]– 0.39 [10]
Oc ISO 17247:2020 0.72 ± 0.34 0.40 [33] – 21.72

[29]
a ad: air dried basis.
b FC = 100 − M − VM − A.
c By difference O = 100-(C + H + N + S + A + M·16/18).

good choice for improving both the selectivity of TW pyrolysis products
and the cracking process.

2.2. Methods

A Vario Micro Cube elemental analyser (Elementar, Germany) was
also employed to rCB, TPO and catalysts ultimate analysis. A Fourier-
transform infrared (FT-IR) spectrometer (Bruker Alpha II) was used to
identify the functional groups and types of bonds in the TW, catalyst
(raw and used), TPO, and rCB. The infrared absorption frequency
ranged from 400–4000 cm−1. Thermogravimetric analysis (TGA) was
performed using a Mettler Toledo STA apparatus to investigate the TW
pyrolysis. The process parameters were as follows: i) alumina crucible
(Al2O3), ii) sample mass (5 mg), iii) nitrogen atmosphere (40 mL/min),
iv) heating rate (10 °C/min), and v) temperature range (25–800 °C).
The TPO obtained using the DT-FBR was also evaluated. The TPO oxi-
dation process in air was also analysed using TGA. In the sapphire cru-
cible, 5 mg of sample was loaded and heated from 25 up to 700 °C at
10 °C/min with an air flow rate of 40 mL/min. An Agilent Technology
7890 gas chromatograph (GC) was used to analyse the components of
the pyrolysis gas. To analyse the composition of tyre oils, an Agilent
7890B GC was used in combination with mass spectrometry technique
(model: 5977A). After rCB was ashed at a temperature of 815 °C, its
composition and zeolite Y were analysed using the X-ray fluorescence
(XRF) spectroscopy technique. Measurement was performed with a
WD-XRF ZSX Primus II Rigaku spectrometer (Rh lamp).

2.3. Experimental setup

TW pyrolysis experiments were conducted on a micro scale and lab-
oratory scale using a DT-FBR. Micro-scale pyrolysis investigation of TW
was carried out using a pyrolysis–gas chromatography–mass spectrom-
etry (Py-GC–MS) system to examine the composition of the products re-
leased during thermal and catalytic runs. The Py-GC–MS system was
combined with a CDS Analytical micropyrolyser (model: 5200) coupled
with Agilent Technologies GC (model: 7890B) and MS (model: 5977A).
The pyrolysis process was conducted for three sample configurations: i)
non-catalytic tyre waste pyrolysis, ii) catalytic pyrolysis in a layered
system (wool/TW/catalyst/wool), and iii) catalytic pyrolysis (wool/TW
and catalyst mix/wool). The weight of the sample for the TW pyrolysis
process was approximately 0.6 mg ± 0.1 g. In turn, the samples for
catalytic pyrolysis had a mass of 1.2 ± 0.1 (sum of the masses of tyre
waste and catalyst with a catalyst-to-sample ratio of 1:1). The samples
were placed in a quartz tube plugged on both sides with quartz wool
and placed in a pyrolyser filament coil. All tests were carried out at con-
stant temperature (i.e. 500 °C) under an inert atmosphere (He, grade:
6.0). The applied heating rate (that is, 100 °C/s) was set to be close to
the estimated values for the DT-FBR. The samples were maintained at
designated processing temperatures in the pyrolysis zone for 20 s. The
experiments were carried out in the direct mode (analytes were trans-
ferred directly to the analyser). Analytes were separated using an Agi-
lent HP-5MS capillary column (60 m × 0.25 mm × 0.25 μm). The
temperature of the GC column oven was programmed as follows: (i)
40 °C for 7 min, (ii) 40–300 °C at a heating rate of 4 °C/min; and (iii)
300 °C for 10 min. MS spectra were interpreted based on the reference
MS library (chemical base NIST14). Other details of the Py-GC–MS pro-
cedure can be found in work [34].

Laboratory-scale pyrolysis experiments were conducted in an elec-
trically heated DT-FBR, as shown in Fig. 1. The TW particle size fraction
(500–800 µm) was fed using a micro-feeder. The particles falling into
the microfeeder chamber self-densified. After an hour of reactor opera-
tion, the microfeeder was opened to improve the loosening of the TW
particles. Consequently, the mass feed rate decreased slightly over time
(approximately 2 g less per hour of operation). The average feed rate
was 14 g/h. The falling particles were rapidly heated by pre-heated pri-
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Fig. 1. Experimental pyrolysis set-up with the drop-tube–fixed-bed reactor.

mary nitrogen at 550 °C. The nitrogen flow rates were 1.5 (primary)
and 0.5 L/min (secondary) measured at 20 °C and 101.3 kPa. The reac-
tor tube was 2-m long with an internal diameter of 0.015 m. The dou-
ble-zone heated reactor was monitored using five type-K thermocouples
evenly spaced along the length of the reactor tube. The highest temper-
atures occurred in the middle of the 1-m heating zones and amounted to
580 °C. The temperatures measured every 0.5 m from the top of the re-
actor were 420, 580, 495, 580, and 430 °C. The average temperature of
five thermocouples was assumed to be the pyrolysis temperature, which
was about 500 °C. The estimated vapour residence time (VRT) in the re-
actor, based on the reactor dimensions and volumetric nitrogen flow
rate, was 10.6 s. rCB was collected in a bin heated to 350 °C on a thin
layer of wool. Maintaining this temperature prevented the condensa-
tion of oil vapours and sticking of rCB. In the case of catalytic pyrolysis,
there was additional wool (under rCB wool) with 1 g of zeolite Y cata-
lyst. The rCB bin was replaced with a new bin 1 h after the operation.
The sample-to-catalyst ratio was 1:14. The catalyst temperature was
equal to that of the rCB bin. The last part of the system was a gas cooler
filled with ice, where the TPO was condensed. Non-condensed gases
were collected in Tedlar bags to analyse the TPG composition using a
gas chromatograph.

3. Results and discussion

Preliminary investigations included the TGA characterisation of tyre
waste to evaluate the thermal degradation of the sample under a nitro-
gen atmosphere. This method allowed to estimate the optimal tempera-
ture for investigating the pyrolysis process using reactors on a micro
and laboratory scale.

3.1. Tyre waste characteristic by thermogravimetric analysis

As shown in Fig. 2, three mass-loss stages are observed. Stage 1 is re-
lated to the initial degradation and decomposition of the TW sample re-
sulting from the evaporation of volatile matter. The released volatiles
may contain a mixture of moisture, oil, fabric, filler, and organic addi-

Fig. 2. Thermal analysis of the pyrolysis of tyre waste (TW).

tives [35]. The sample lost only 3.4 % of its initial mass. In the main py-
rolysis process stage (stage 2) that extended in the temperature range of
285–500 °C, the maximum mass loss fell at the derivative thermo-
gravimetry (DTG) peak at 419 °C, which may have corresponded to the
degradation of rubber compounds (natural, butadiene, and styrene-
butadiene rubbers) [36]. In the last stage, which took place in the tem-
perature range of 500–800 °C the pyrolysis products were cracked,
which showed good agreement with Chen et al. [37]. As the tempera-
ture increased from 500 to 800 °C, the percent masses of the solid
residue were 47.8, 47.1, 41.7, and 40.7 %, respectively.

3.2. Pyrolysis products obtained in a micro-scale reactor

These studies were used to optimise the design of the drop-
tube–fixed-bed reactor and analyse the potential catalytic effect of the
zeolite Y. Herein, two approaches were studied: one in which the cata-
lyst was mixed with TW and the other in which TW and catalysts were
placed separately in layers. The pyrolytic decomposition of TW was in-
vestigated using pyrolysis–gas chromatography–mass spectrometry
(Py-GC–MS). The total ion chromatograms (TIC) of the analytes re-
leased during the thermal and catalytic runs (both with mixed and layer
systems) are shown in Fig. 3. Table S1 (see supplementary material)
shows compounds that evolved during the thermal and catalytic runs.
The peak numbers are marked in Fig. 3 and explained in Table S1. The
conversion of TW without the addition of a catalyst (‘non-catalytic
run’) is driven mainly by its thermal decomposition (thermal effect).
Heating in the absence of oxygen reveals the depolymerisation and de-
composition of organic macromolecules as building blocks of the tested
material, generating reactive lower-molecular compounds that form
gaseous and liquid fractions. As a result, compounds with wide molecu-
lar mass distributions can be observed. Thermal pyrolysis requires high
temperatures and can result in low-quality products.

The addition of a catalyst to the reaction system provides an alterna-
tive route for the reaction with lower activation energy (e.g. promotion
of the breaking of C–C bonds, determination of the length of the
chains), and as a consequence, reduction of the decomposition tempera-
ture or shortening reaction time. However, the form of location of the
catalyst (mixed with raw material versus layers) is crucial for its cat-
alytic activity. Much more beneficial is the application of the layer sys-
tem (‘catalytic run (layers)’) in which diffusion of the formed pyrolytic
primary by-products into the structure of the catalyst is much easier.
Such an approach reduces diffusion limitation and enhances catalyst ef-
ficiency. When the feedstock is mixed directly with the catalyst, the dif-
fusion of formed pyrolytic products is much more limited. The catalyst
is dispersed, and as a result, not all of the formed molecules can go
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Fig. 3. TIC chromatograms of the thermal and catalytic pyrolysis of TW investigated through Py-GC–MS analysis (peak designations are explained in Table S1 in the
supplementary material).

through the catalyst sites. Moreover, high-molecular compounds
formed at the beginning of pyrolysis (with high diameters) can en-
counter strong diffusion resistance at acidic sites. Furthermore, some of
the by-products can be highly reactive and undergo condensation,
forming polyaromatic hydrocarbon structures and finally a secondary
char. The residual matter is composed of residual organic matter ('de-
pleted') and inorganic material. These residual fractions stay in the
quartz tube and stick to the wall of the tube, as well as quartz wool.
Thus, during pyrolysis, secondary char can be formed and stick to the
surrounding catalyst (in the case of 'catalytic run (mix)') causing coke
deposition at the catalyst sites and its fast deactivation. Liquid
condensation and pore filling can also influence the significant decrease
in the diffusion of reactant gases to the catalyst sites. Generally, it can
lead to reduced (or even lack) catalyst efficiency in the case of the
mixed approach.

In general, TW pyrolysis resulted in the evolution of a mixture of
various compounds (>100 peaks). The TIC chromatograms exhibited
mutual qualitative similarity, but some differences were observed de-
pending on the system in which the catalyst was used. It can be seen
that mixing the catalyst with the raw material resulted in limited cat-
alytic activity (higher similarity of chromatograms). However, placing
the catalyst in the layer resulted in a higher number and abundance of
observed peaks, indicating higher zeolite activity.

To facilitate the analysis of the reaction mechanism pathways, the
identified compounds were grouped as follows: (i) linear alkanes and
alkenes; (ii) diene and triene hydrocarbons; (iii) cyclic hydrocarbons;
(iv) aromatic hydrocarbons; (v) oxygen compounds; and (vi) unidenti-
fied compounds. The proportions of the respective groups in the ther-
mal and catalytic runs are presented in Fig. 4. The yields of the pre-
sented groups of compounds were calculated as the ratio of the peak ar-
eas of all compounds to the total peak areas of all compounds in all
groups (including the peak areas of the unidentified compounds). The
products released during the pyrolytic decomposition of TW constituted
a complex mixture of various hydrocarbons. Among the evolved moi-
eties, various hydrocarbons were the dominant contributors, including
aromatics, alkanes, alkenes, alkadienes, and cyclic hydrocarbons. In the

Fig. 4. Non-catalytic and catalytic pyrolysis of tyre waste.

case of purely thermal processes (lack of a catalyst), linear aliphatic hy-
drocarbons constituted 34.9 %, with a relatively high proportion of re-
active alkadienes and alkatrienes (14.4 %). Cyclic and aromatic hydro-
carbons were also present, with noticeable contributions of 20.2 % and
25.1 %, respectively. A minor proportion constituted oxygen com-
pounds (2.7 %). Among the identified pyrolytic products, chain and iso-
mer aliphatic compounds, as well as single- and multiple-ring struc-
tures, were identified. The major compounds in the analysed mixture
were butene, pentene, cyclopentene, limonene, pentadiene, benzene,
toluene, ethylbenzene, and styrene.

The composition of the resulting mixture was consistent with the
data reported in the literature [38]. The catalytic pyrolysis over the zeo-
lite Y resulted in noticeable changes in the composition of the released
analytes. Generally, an increase in the contents of aromatics and alka-
nes was observed, along with a decrease in alkadienes, alkatrienes, and
cyclic hydrocarbons. However, it is worth emphasising that the men-
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tioned effect was only slight for the system with mixed TW and the cata-
lyst, whereas it was pronounced for the layered system. For the latter,
the proportions of aromatics and linear aliphatics increased to 50.5 %
and 26.3 %, respectively. This agrees with the findings of Miandad et
al. [30] who confirmed the preferred production of aromatic com-
pounds over synthetic zeolites during the catalytic pyrolysis of tyre
waste. The styrene component and polyisoprene rubber included in
tyres, contribute mainly to the direct production of aromatic com-
pounds [39]. However, other components of tyres (polybutadiene rub-
ber, nylon, polyester, polypropylene, and polyethylene) can also con-
tribute to the formation of aromatic compounds through secondary re-
actions of intermediate products [40].

Additionally, the deoxygenation effect was observed. The propor-
tion of oxygen compounds decreased from 2.7 % for the thermal
process to 0.7 % for the catalyst application in the layer system. The ob-
served changes can be ascribed to the aromatisation of reactive
aliphatic molecules (with multiple double bonds), that is, through
Diels–Alder reactions or dehydrogenation reactions of the cyclic struc-
tures. Furthermore, the available alkadienes can react with alkenes to
form aromatic structures. The identified peaks accounted for approxi-
mately 82–91 % of the total peak area in the resultant chromatograms.

3.3. Pyrolysis products obtained in a drop-tube–fixed-bed reactor

First, the functional groups of organic compounds in the catalyst
and pyrolysis products were assessed using FT-IR analysis. The spectra
of rCB and the used catalyst were compared with those of a TW sample

and the raw catalyst. As a result, it was possible to better understand
the changes that occur in the pyrolysis products.

3.3.1. Fourier transform infrared spectroscopy
Fig. 5a–c) show the spectra of TW, rCB, TPOs (TPO—pyrolysis oil

from the non-catalytic process and TPO_cat—pyrolysis oil from the cat-
alytic process), and the catalyst. The spectra were divided into single,
double, triple, and fingerprint regions to facilitate the interpretation of
the results. As shown in Fig. 5a), the spectrum of the TW sample in-
cluded many vibrations, whereas the vibrations of the rCB sample were
much smaller. The first absorption band of the TW sample at 3687 cm−1

was attributed to O–H stretching, which confirmed the presence of hy-
droxyl groups, such as alcohols and phenols [41]. The sources of C–H
stretching vibrations at 2915 and 2849 cm−1 were alkanes [29]. The
only vibration of an alkyne triple bond was that of C≡C at 2110 cm−1.
Three C = C stretching vibrations were also recorded at 1650, 1590,
and 1542 cm−1 from alkenes, cyclic alkenes, and aromatics, respec-
tively [42]. Most of the peaks were observed in the fingerprint region.
The relative values of the bands at 1440, 1368, and 1083 cm−1 were as-
signed to –CH2–, –CH3, and Si–O, respectively [32]. Methylene and
methyl groups were the elastomeric components. The asymmetric
stretching vibration of Si–O–Si confirmed that, in addition to rubber
and carbon black, TW also contained SiO2 [43]. The addition of SiO2 to
tyres improved their elasticity. The last three vibrations in the finger-
print region represented carbon black (at 1012 cm−1), aromatic com-
pounds C–H (at 683 cm−1), and sulphur compounds S–S (at 530 and
459 cm−1). S–S bridges are formed during tyre manufacturing [32]. TW

Fig. 5. FT-IR spectra for: a) TW and rCB, b) TPOs, and c) catalyst before and after pyrolysis.
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pyrolysis decreased the vibrations assigned to the elastomeric, carbon
black, and sulphur components of rCB. Energy of 272.8 kJ/mol is re-
quired to break a single bond between S atoms and 377.4 kJ/mol to
break the C–C bond [44].

Fig. 5b) illustrates the FT-IR spectra of TPO and TPO_cat. Ab-
sorbance peaks associated with C–H bonds were observed for both
TPOs at 2922, 2858, 904, 749, and 696 cm−1. The strongest absorbance
in the C–H stretching zone occurred at 2922 and 749 cm−1. In turn, Fer-
nández-Berridi et al. [45] suggested that the vibrations at 749 and
696 cm−1 were caused by aromatic C–H groups of styrene. TPO_cat was
characterised by a weaker peak at 696 cm−1. This vibrational bending
may be associated with the open-chain hydrocarbons containing four or
more CH2 groups [44]. The presence of alkenes was confirmed by the
small peak at 1600 cm−1 (C = C). Finally, small vibrations from the S-S
bridge indicated that part of the sulphur was transferred to the TPOs.
The FT-IR spectra of the zeolite Y catalyst (raw and used) catalysts are
shown in Fig. 5c). zeolite Y (faujasite structure) is a compound of crys-
talline aluminosilicates of and bonded together. The vibra-
tions of the zeolite Y lattice were observed in the spectral region below
1250 cm−1. Si–O–T was assigned to internal and external asymmetrical
stretching vibrations at 1201 and 1051 cm−1, respectively, and sym-
metrical stretching vibrations at 830 cm−1. Double vibrations of the
polyhedral external ring were found in the secondary building unit at
607 and 526 cm−1. Finally, the range at 452 cm−1 was attributed to the
structure-insensitive O–T–O bending modes. The FT-IR spectra shown
in Fig. 5c) are very close to the zeolite Y absorption peaks reported by
Król et al. [46].

The lack of significant changes in the spectra of the raw and used
catalysts was due to the low temperature of the bed in which the cata-
lysts were placed. Although carbon vibrations were not found in the
catalyst spectrum, the possibility of coke deposition on zeolite Y is in-
vestigated in the next section.

3.3.2. Yields
The yields of the pyrolysis products obtained in the DT-FBR were

compared with those reported in the literature for various reactors and
are presented in Table 3. The VRTs in the hot zone of the reactors
ranged from 0.5 to 30 s. The grinding of ELTs for pyrolysis involves the
removal of steel; therefore, the main pyrolysis products were rCB, TPO,
and TPG. The reactors are listed in order of decreasing TPO yields.
Based on a review of available literature, ELTs pyrolysis using a drop-
tube reactor has been performed only once [23]. Additionally, the TPO
yield was the lowest among those listed in Table 3. The catalytic pyroly-
sis of ELTs over zeolite Y has been extensively investigated. Most stud-
ies were conducted in fixed-bed reactors at low heating rates (HR). Cat-
alysts have been employed to improve the quality of TPO by reducing
their hydrocarbon content. The product yields obtained in this work are
presented with a deviation (±) due to the variability in the TW feeding
during the experiment, as explained in the experimental procedure. For
the catalytic and non-catalytic pyrolysis, the rCB yields were the same
(40.8 %). This resulted in noncontact between rCB and the catalyst;
thus, the catalyst did not influence the rCB yield. The high heating rate
of the sample in the DT-FBR reactor allowed to achieve the rCB yield,
which was observed in the TGA after reaching 800 °C. The TPO yield
obtained from non-catalytic pyrolysis of 38 wt% was satisfactory com-
pared with the other results listed in Table 3. This is a particularly good
result when evaluating the ash content of the feedstock (which limits
the TPO yield). In this study, TW contained up to 21.4 % ash, whereas
the ELT values from the literature were 2.14 [27], 3.3 % [16], 4.9 %
[17], 5.9 and 6.5 % [19] and 22.80 [31]. Therefore, it seems reasonable
to use the DT-FBR for tyre waste pyrolysis. The pyrolysis of TW over ze-
olite Y reduced the TPO yield by 3 wt%. This can be considered as a mi-
nor loss if the quality of the TPO is improved by reducing the oxygen
content.

3.3.3. Composition
Fig. 6a–f) show the elemental and chemical compositions of rCB,

TPOs, and zeolite Y (catalyst after 1 h of pyrolysis) expressed in weight
percentages and the composition of TPGs in volume percentage. The
rCB yields for non-catalytic and catalytic pyrolysis were the same be-
cause the catalyst was located below the rCB bed. As a result, only the
TPO and TPG yields were affected. rCB contained a large amount of ash
(49.8 %). Based on the calculations and considering the 40.8 % yield of
rCB and its ash content, the theoretical ash content of TW was 20.3 %.
This value is close to the experimental results shown in Table 2
(21.4 %). Typically, rCB from ELTs has a low ash content that does not
exceed 16 % [47]. However, rCBs with high ash contents of up to
55.1 % have also been reported [27]. The carbon and hydrogen con-
tents of rCB were 39.3 % and 1.80 %, respectively. The high ash con-
tent and the presence of 1.3 % sulphur in rCB limit its applicability.
Therefore, rCB must be treated to obtain commercially available carbon
black with > 95 % C, <1% S, and < 1 % ash [9]. Demineralisation
processes such as leaching can be carried out for TW before pyrolysis or
for rCB. The HHV of TPO was calculated using the Dulong formula:

(1)

where C, H, and O are the percentages of carbon, hydrogen, and
oxygen, respectively.

As reported by Ferdinand et al. [48], Dulong's formula is suitable for
reflecting the results of HHV measurements of pyrolysis oils from vari-
ous feedstocks. The HHVs of TPO (Fig. 6b)) and TPO_cat (Fig. 6e)) were
40.1 and 41.0 MJ/kg, respectively. The positive effect of catalytic py-
rolysis was the reduction in the oxygen content of TPO_cat. These TPOs
have the potential to replace diesel fuels because their HHVs are simi-
lar. Additionally, a chromatographic analysis of organic compounds
present in TPO and TPO_cat was performed (see supplementary
material Table S2).

Fig. 6c) and 6f) show the nitrogen-free compositions of the pyrolytic
gas (TPGs). Gaseous products of the process were generated during
thermal decomposition in an anaerobic atmosphere. The influence of
high temperature (500 °C) during the pyrolysis of tyres results in sim-
pler chemical compounds originating from the breakdown of complex
organic substances. In the process of heating organic materials, typical
combustion byproducts like carbon monoxide (CO) and carbon dioxide
(CO2) are produced and were identified in the obtained pyrolytic gas.
The main chemical compounds in obtained gas were C2H4, CH4 and H2.
The use of a catalyst reduced the hydrogen content and all hydrocar-
bons present in TPG_cat. However, the reduction was more significant
for heavy hydrocarbons (from 5.9 % to 4.2 % for C4H8) than that for
light hydrocarbons (from 27.6 % to 27.2 % for CH4). TPG_cat was
richer, with 1.3 % CO and 4.2 % CO2.

Muenpol et al. [49] confirmed that the use of various zeolites in the
pyrolysis of ELTs reduced the CH4 and C2H6 contents of the gas. A posi-
tive correlation was also found between the decrease in the content of
gaseous components in the TPGs and the sample-to-catalyst ratio [15].
The exception was the increase in the CO2 content in TPG_cat. Gener-
ally, the compositions of TPGs obtained by different types of reactors
are similar. TPGs typically comprise CH4, H2, CO, CO2, olefins (C2H4
and C3H6), paraffins (C2H6 and C3H8), and C4. When evaluating only the
alkanes in the TPG, CH4 was the most abundant during pyrolysis in the
CFBR [16], C2H4 in the FBR [11], and C2H6 in the CSBR [50].

The rCB bin temperature of 350 °C prevented TPO condensation. At
this temperature, coke is formed in the catalyst bed. As shown in Fig.
6d), the coke contained 6.6 % C and 1.25 % H in the catalyst after 1 h
of pyrolysis.
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Table 3
Review of the literature on the product yields from end-of-life tyre pyrolysis (without a catalyst and over zeolite Y catalyst) carried out in various reactors and
operating conditions, where T—pyrolysis temperature, PS—particle size, FR—feed rate, VTR—vapour residence time, HR—heating rate, S/C—sample-to-catalyst
ratio, and Tcat—catalyst temperature.
Pyrolysis without a catalyst

Type of reactor T, °C PS, mm FR,
g/min

VRT, s HR, °C/s rCB, wt.% TPO, wt.% TPG, wt.% Refs.

CSBR 425
475
575

2.8–3.3 1.3 0.5 1000–
10,000

37.9
35.9
35.9

58.4
58.2
54.0

3.7
5.9
10.1

[17]

FLBR 598 0.8–1.6 50 2.6 nd* 30.0 50.0 20.0 [14]
AUR 500

500
600
600

2–4 66.7 30 0.17 41a

38b

40a

35b

41a

50b

31a

40b

18a

12b

29a

25b

[19]

CFLBR 500 0.32 83.3 5 1000 21.7 46.4 28.6 [16]
RKR 450

500
550
600
650

13–15 200–250 nd* nd* 43.9
41.3
39.9
39.3
38.8

43.0
45.1
44.6
42.7
42.9

13.1
13.6
15.5
18.0
18.3

[21]

DT-FBR 500 0.5–0.8 0.23 11 500 40.8
±2.1

38.0
±3.3

21.2
±1.9

Present
study

FBR 600 1–3 1.33 nd* nd* 40.39
37.29
35.29

33.45
35.48
35.50

26.16
27.23
29.21

[10]

DTR 450
750
1000

4 0.5 nd* nd* 35.3
37.0
37.7

37.8
10.9
<0.01

26.9
51.4
37.2

[23]

Pyrolysis over a zeolite Y catalyst
Type of reactor T, °C Tcat, °C S/C PS, mm FR,

g/min
VRT, s HR, °C/s rCB, wt.% TPO, wt.% TPG, wt.%c Refs.

FLBR 500
500
500
500

450
500
550
600

1
1
1
1

1.0–1.4 3.6–3.8 nd* nd* 42.7
42.8
42.8
42.2

46.2
45.9
43.9
42.2

11.1
11.3
13.3
16

[15]

FBR 500 430
470
500
530
600

1
1
1
1
1

1.0–1.4 nd* nd* 0.17 37.7
37.7
37.8
37.8
38.0

38.6
38.6
36.0
35.2
32.2

16.3
16.4
19.2
19.4
21.6

[11]

DT-FBR 500 350 14d 0.5–0.8 0.23 11 500 40.8
±2.1

35.0
±2.5

20.2
±1.6

Present
study

FBR 500 400 4
2
1.3
1

8–10 nd* nd* 0.17 36.5
36.1
36.7
36.6

31.6
23.3
19.1
13.9

31.48
40.7
44.0
49.3

[12]

FBR 500 350 2 1–3 nd* nd* 0.17 45.0e 38.4e 8.3e [13]
CSBR 500 500 0.13 nd* 2 nd* nd* 35.7 61.8 2.5 [18]
* nd—no data, a—passenger car tyres, b—commercial truck tyres, c—catalyst coke completes the balance at 100 %, d—in relation to 1 h of pyrolysis, and e—mole

percent.

3.3.4. Thermal analysis of tyre pyrolysis oil combustion
Fig. 7a) and 7b) show the TG and DTG curves of the combustion of

TPOs in a temperature range between 30 and 700 °C. The oxidation of
TPOs can be divided into three stages based on the DTG curves. Other
researchers observed similar stages [51,52]. Low-temperature oxida-
tion (LTO) is the first stage that occurs, from 30 to 350 °C (5 °C/min),
400 °C (10 °C/min), and 431 °C (20 °C/min) for TPO, and 350 °C
(5 °C/min), 359 °C (10 °C/min), and 426 °C (10 °C/min) for TPO_cat.
Moreover, all peaks in the TPOs from catalytic pyrolysis were observed
at higher temperatures. Temperature peaks were present at 155, 191,
and 209 °C for TPO, and 175, 197 and 220 °C for TPO_cat for heating
rates of 5, 10, and 20 °C/min, respectively. The increase in the heating
rate influenced the kinetics of the combustion process, which was re-
flected in the shift of the temperature peaks towards higher values
[53]. The evaporation of highly volatile hydrocarbons resulted in a
loss of 77.2–84.2 % of the sample weight, making it the main stage.
This indicated the significant presence of light hydrocarbons in TPO
and TPO_cat.

The second stage, called mid-temperature oxidation (MTO), was
characterised by a number of lower-intensity peaks. The driving force
was the cracking of high-molecular-weight compounds and oxidation of
the LTO residue. The mass loss of MTO ranged from 5 to 10 %. MTO is
considered as a transition stage from low-temperature to high-
temperature oxidation (HTO), where the presence of aromatic com-
pounds and resins is an important factor influencing the rate of mass
loss [54]. In MTO, one of the intermediates is coke, which is oxidised
during HTO. HTO is the final stage of TPO combustion, and the MTO
residue is oxidised to CO2 and H2O. According to the elemental analyses
of the TPOs (Fig. 6b and 6e), approximately 1.5 % sulphur and 1 % ni-
trogen were present in the TPOs.

These elements are oxidised in the HTO stage and form pollutants,
such as NO and SO2. Similar to the LTO stage, the heating rate deter-
mined the peak temperature corresponding to the maximum mass loss.
The burnout of TPO and TPO_cat occurred above 650 °C at a heating
rate of 20 °C/min.
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Fig. 6. Chemical composition of products from a-c) non-catalytic and a, d-f) catalytic pyrolysis of tyre waste.

3.3.5. Potential of ash from raw carbon black as a catalytic carrier
Attempts have been made to produce catalysts using various solid

fuels. The total gas yield from biomass pyrolysis can be significantly in-
creased from 40 % (pyrolysis without a catalyst) to 60 % when RDF ash
is used as a catalyst [55]. Table 4 shows the compositions of rCB ash
and zeolite Y determined by XRF. The presence of zinc, sodium, and
aluminium oxide, among others, in the ash makes it reasonable to use
tyre ash as a catalyst support material for biomass thermal conversion.
Moreover, the decomposition of methane over biomass fly ash enhances
hydrogen production [56]. The Brunauer-Emmett-Teller specific sur-
face area of the zeolite Y catalyst was significantly higher than that of
rCB ash, at 780 and 66.74 m2/g, respectively. The surface area and
porosity of rCB ash may not be optimized for catalyst support applica-
tions [57]. High surface area and porosity are desirable characteristics
for catalyst supports as they provide more active sites for catalytic reac-
tions. However, rCB ash may not possess these properties to the same
extent as other commercially available catalyst supports. Based on the
SiO2 and Al2O3 contents, the molar silica-to-alumina ratio (SAR) was
determined. The SAR values were 111.8 and 26.3 for rCB ash and zeo-
lite Y, respectively. The SAR is reversibly associated with zeolite acidity
and, therefore, the activity of the catalyst [58]. Zeolites with a wide
range of SAR of 2 to 1500 are available [59]. An increase in the SAR led
to a decrease in the total acidity of the catalyst [60]. This indicates a di-
rect correlation between the increase in the SAR value and the decrease
in cracking reaction activity. However, this relationship indicates the
possibility of actively adjusting the silica-to-alumina ratio to obtain spe-
cific process products [61]. The results of the FT-IR analysis indicated a
higher yield of hydrocarbon compounds in the C5–C12 range for pyrol-
ysis without the presence of a catalyst owing to the high SAR value for
rCB. Moreover, using rCB ash as a catalyst support material has several
potential limitations and challenges that could affect its overall effec-
tiveness and applicability. Firstly, rCB ash composition can vary de-
pending on the source of the carbon black and the combustion process
used to produce it. This variability in composition can lead to inconsis-
tencies in the material properties, affecting its ability to support cata-
lysts uniformly [62]. Depending on the production process and source

materials, rCB ash may contain impurities or contaminants that could
leach into the reaction environment and interfere with the catalytic
process. Contaminants such as heavy metals or organic compounds may
adversely affect the selectivity and efficiency of the catalyst [63]. The
mechanical stability of rCB ash may be insufficient to withstand the
harsh conditions often encountered in catalytic processes, such as high
temperatures, pressures, and mechanical agitation [64]. This could re-
sult in the degradation or fragmentation of the support material over
time, leading to catalyst deactivation or loss of activity. Addressing
these limitations and challenges require further research and develop-
ment to optimize the properties of rCB ash as a catalyst support mater-
ial and demonstrate its effectiveness and reliability in practical applica-
tions.

The introduction of zeolite Y to the process led to the decomposition
of these compounds. It should also be noted that high SAR lead to high
catalyst stability and product yields [59]. As shown in Fig. 4, in the case
of a process without a catalyst or when the catalyst was mixed directly
with the feedstock, high yields of hydrocarbons and aromatic com-
pounds were obtained. Furthermore, a lower concentration of acidic
sites (higher SAR value) lowered the coke deposition rate. This leads to
the maintenance of catalyst activity for a longer period [65]. These re-
sults demonstrate the high potential of rCB to catalyse the pyrolysis
process and direct the process toward specific end products.

4. Conclusions

In this study, a tyre waste pyrolysis process was experimentally in-
vestigated at 500 °C using a pyrolysis–gas chromatography–mass spec-
trometry (Py-GC–MS) and using a drop-tube–fixed-bed reactor (DT-
FBR). The tyre waste contained a high ash content of 21.4 %, which
favoured the production of raw carbon black, as confirmed by the ther-
mal analysis of the sample.

On the basis of experiments performed using a Py-GC–MS, it was ob-
served that the method of adding a catalyst for pyrolysis (catalyst mixed
with tyre waste or arranged in layers) was essential for its catalytic ac-
tivity. Using a layered system is significantly more advantageous be-
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Fig. 7. Thermal analysis of the combustion process of tyre pyrolysis oils ob-
tained from a) non-catalytic and b) catalytic processes.

cause it facilitates the diffusion of pyrolytic primary products into the
catalyst's structure. The detailed identification of the formed com-
pounds indicated a 20 % increase in the production of aromatic hydro-
carbons when the tyre waste and catalyst were layered.

From the DT-FBR, the main pyrolysis product was raw carbon black,
with a yield of 40.8 % (for both catalytic and non-catalytic pyrolysis).
During pyrolysis without a catalyst, a 38 % yield of tyre pyrolysis oil
was obtained. The use of the catalyst decreased the oil yield by 35 %. In
addition, the catalytic pyrolysis oil contained less oxygen. The oil ob-
tained from catalytic pyrolysis was completely burned at a temperature
lower than that obtained from noncatalytic pyrolysis, as shown by the
TGA. When assessing the tyre pyrolysis gas, the catalyst reduced the
contents of all hydrocarbons and hydrogen at the expense of increasing
the contents of CO and CO2.
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