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A B S T R A C T

This study investigates the pyrolysis of tire granulates in an entrained-flow reactor at temperatures ranging from 
500 

◦

C to 750 
◦

C, using two different feedstocks: passenger car tires (PCT) and truck tires (TT). The objective of 
the experiments is to determine the influence of temperature on the yield and properties of the pyrolysis 
products, namely pyrolytic carbon black, oil, and gas. The results show that as the temperature increases, the 
yield of the solid product decreases due to the increased conversion of rubber particles into volatiles. Approx
imately 90 % conversion is achieved at a temperature of 600 

◦

C, after which no significant improvement in 
volatile conversion is observed. The solid carbon product of the pyrolysis process is compared with commercial 
N660-grade carbon black in terms of its physicochemical properties, and the results are discussed. An increase in 
temperature leads to a decrease in oil yield, accompanied by a corresponding increase in gas yield. This increase 
in gas yield is attributed to the thermal cracking of pyrolysis oil vapors into permanent gases, such as H2, CH4 and 
C1-C4 hydrocarbons, at higher temperatures.

1. Introduction

Every year, over two billion waste tires are generated globally, and 
this number continues to grow due to increased road transportation [1]. 
These waste tires are non-biodegradable, leading to significant envi
ronmental challenges such as landfill overcrowding and fire hazards. 
Traditional methods of tire disposal, including landfilling, incineration, 
and shredding for reuse as granulates, each have their own limitations. 
Tire incineration, for example, releases toxic combustion products, 
posing serious environmental and health risks. Additionally, the reuse of 
shredded rubber in products like artificial turf or rubberized asphalt 
only postpones the need for proper disposal [2]. In light of the signifi
cant environmental issues associated with waste tire disposal and the 
depletion of fossil resources used in new tire production, there is a 
compelling need for a cradle-to-cradle approach to recycling waste tires, 
thereby contributing to a circular economy.

Pyrolysis has emerged as a promising technology for recycling waste 
tires. Pyrolysis is a thermal decomposition process carried out in an inert 
atmosphere, enabling the recovery of valuable products such as pyro
lytic carbon black (pCB), oil, and gas. Unlike traditional recycling 

methods, which result in toxic emissions or delayed disposal, pyrolysis 
offers a sustainable pathway by recovering reusable materials from 
waste tires [3]. By recovering materials like pyrolytic carbon black from 
waste tires, which can substitute for conventional carbon black in in
dustrial applications, pyrolysis reduces dependence on fossil-derived 
resources and contributes to significant reductions in carbon emis
sions. The environmental benefit is substantial, as the production of 
conventional carbon black emits approximately 5.7 kg of CO2 equivalent 
per kg of carbon black produced [3]. Additionally, the pyrolysis process 
can be energy-efficient, with the produced pyrolysis gas having a high 
calorific value, part of which can be combusted to supply energy for the 
process itself, further enhancing its sustainability [4]. However, con
ventional slow pyrolysis processes have limitations regarding the quality 
of recovered products, particularly pCB, which often contains high 
levels of organic and inorganic impurities [3–5]. These impurities hinder 
the industrial reuse of pCB, especially in high-performance applications 
such as tire manufacturing.

To overcome these challenges, this study considers flash pyrolysis to 
enhance the quality of tire pyrolysis products. Flash pyrolysis, charac
terized by rapid heating rates and short residence times, enables 
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efficient conversion and removal of organic matter as volatiles. In 
contrast to slow pyrolysis, which can lead to excessive secondary re
actions, flash pyrolysis reduces the contact time between volatile 
products and solid residues, preserving the integrity of valuable com
ponents. In the case of waste tire pyrolysis, the solid residual fraction, 
known as pyrolytic carbon black, corresponds to virgin carbon black and 
includes inorganic materials such as silicon, zinc, iron, and calcium used 
in tire manufacturing. The properties of pCB are influenced by both 
process conditions and the composition of the tire feedstock, and the 
quality and yield of pCB significantly affect the economic viability of the 
pyrolysis process [1].

Several variables govern the pyrolysis process, including tempera
ture, pressure, heating rate, residence time of solids and volatiles inside 
the reactor, feedstock composition, particle size, type of carrier gas, and 
the superficial velocity of the carrier gas. Since tire pyrolysis is an 
endothermic process, temperature is the most critical factor affecting 
both the yield and quality of the pyrolysis products. Ideally, in a py
rolysis process with excellent heat transfer, an increase in temperature 
would not significantly change the solid yield, while the liquid yield 
decreases and gas yield increases due to thermal cracking of heavier oil 
fractions into lighter gases. Thus, the solid fraction is expected to 
correspond to the sum of virgin carbon black and ash content. However, 
in practice, the solid yield may exceed this expected value due to (1) 
incomplete conversion of organics in the solid fraction caused by poor 
heat transfer or (2) secondary pyrolysis reactions, such as repolymeri
zation, recondensation, and char formation. These secondary reactions, 
which occur in the pyrolytic carbon black, are highly sensitive to process 
conditions and can be exacerbated by higher heating rates and intense 
gas-solid contact. Volatile products released during pyrolysis can re- 
adsorb onto the solid fraction, forming additional carbonaceous mate
rial and degrading the properties of pCB [3].

The yield and properties of pyrolysis products also depend on the 
composition of the tire feedstock. Different tires contain varying pro
portions of natural and synthetic rubber, as well as a range of fillers and 
additives. Literature shows that truck tires (TT) generally have a higher 
proportion of natural rubber compared to passenger car tires (PCT). The 
natural-to-synthetic rubber ratio is approximately 2:1 in truck tires and 
4:3 in passenger car tires [6]. Among the main rubber compounds in 
tires, natural rubber decomposes first, around 380◦C, followed by 
styrene-butadiene rubber at 450◦C and butadiene rubber at approxi
mately 460◦C. A pyrolysis temperature below this range would result in 
incomplete rubber conversion, leading to a sticky, gummy pCB product. 
Therefore, the optimal minimum pyrolysis temperature for complete tire 
conversion at atmospheric pressure is considered to be around 500 ◦C 
[3,7–12]. This temperature range is also preferred for maximizing oil 
yield, as higher temperatures promote thermal cracking of heavy oil 
fractions into lighter gases, reducing the oil yield. The ash content of 
pCB depends on the feedstock composition and is not significantly 
influenced by pyrolysis temperature. Typically, a post-treatment step is 
required to remove ash content from pCB [13–17].

The objective of this study is to investigate the effects of pyrolysis 
temperature on product distribution and properties using a lab-scale, 
continuously operated, entrained-flow flash pyrolysis system devel
oped in previous work (Ramani et al. [1]). Pyrolysis offers a sustainable 
approach for recycling waste tires by converting them into valuable 
products such as pyrolytic carbon black (pCB), pyrolysis oil, and py
rolysis gas. Understanding the influence of pyrolysis temperature on 
product yields and characteristics is crucial for optimizing the process to 
meet specific industrial applications, thereby enhancing the economic 
viability and environmental benefits of waste tire recycling. Addition
ally, the influence of tire feedstock composition is examined by using 
two different materials: passenger car and truck tires. While most prior 
research has focused on optimizing the yield and properties of pyrolysis 
oil [3,18–22], this study primarily focuses on pyrolytic carbon black. It 
offers a comprehensive comparison of pCB recovered from different 
waste tire feedstocks at various temperatures with commercial carbon 

black.

2. Materials and methods

2.1. Feedstock, product and reference materials

Two different feedstock materials, passenger car tires (PCT) supplied 
by Granuflex, a Dutch waste tire recycling company, and truck tires (TT) 
supplied by Continental Tires, a German tire production company were 
studied in this research. The feedstocks were used in the form of gran
ulates with particle sizes ranging from 0 to 800 µm. Further details of 
these feedstock materials can be found in Ramani et al. [1]. A 
semi-reinforcing commercial grade of carbon black, N660, was chosen 
as the reference material for comparison with the pyrolytic carbon 
blacks produced in this study. Corax N660 was provided in pelletized 
form by Orion Engineered Carbons, Frankfurt, Germany. The properties 
of the feedstock and reference materials are detailed in Section 3.1.

Throughout this study, pyrolysis products are designated using ab
breviations based on the type of tire feedstock and the pyrolysis tem
perature. The letter "P" refers to products derived from Passenger Car 
Tires (PCT), while "T" refers to those from Truck Tires (TT). The nu
merical suffix (e.g., 500, 550, 600, etc.) indicates the pyrolysis tem
perature in degrees Celsius. For example, P500 refers to pyrolysis 
product from Passenger Car Tire at 500◦C and T500 refers to pyrolysis 
product from Truck Tire at 500◦C.

2.2. Material characterization

The feedstocks, referred to as passenger car tire and truck tire 
granulates, were characterized by proximate analysis, ultimate analysis, 
X-ray fluorescence (XRF) spectrometer, and heating value. The reference 
carbon black was characterized by proximate analysis, ultimate analysis, 
toluene transmittance, and pH value. The solid fraction, referred to as 
pyrolytic carbon black, was characterized by proximate analysis, ulti
mate analysis, toluene transmittance, pH value, heating value, and 
surface area analysis. The liquid fraction, referred to as pyrolysis oil, was 
characterized by ultimate analysis and heating value. The gaseous 
fraction, referred to as pyrolysis gas, was characterized by gas chro
matography (GC).

The ultimate analysis was carried out in a ThermoFisher Scientific 
Flash 2000 Organic Element Analyzer and the XRF spectrum was taken 
with a Bruker S8 Tiger 4 kW wavelength dispersive XRF spectrometer. 
The proximate analysis was performed using a TA Instruments TGA 
5500 thermogravimetric analyzer. The heating value was measured with 
an IKA C1 bomb calorimeter. Toluene transmittance was measured 
using an Agilent Cary 100 Bio UV–visible spectrophotometer. Surface 
area measurement was performed using a Gemini VII 2390 Surface Area 
Analyzer Micrometrics apparatus. pH value was measured using a 
Hanna Edge benchtop pH meter. Gas chromatography was performed 
using an Agilent 490 Micro Gas Chromatograph equipped with TCD/FID 
detectors and three channels: Molsieve 5 Å channel to analyze O2, N2, 
CO, CO2, CoX channel to analyze H2, and light hydrocarbon analyzer 
channel to measure the range of low-boiling hydrocarbons C1 to C4 in 
gaseous matrices. Further details on the characterization techniques can 
be found in Ramani et al. [1].

2.3. Experimental procedure

The study was conducted using an entrained downdraft flow reactor 
experimental setup developed in a previous study (Ramani et al. [1]), as 
shown in Fig. 1. The reactor was operated at various pyrolysis temper
atures to investigate the effects of temperature on the distribution and 
properties of pyrolytic products. The reactor, a stainless-steel cylindrical 
tube measuring 4200 mm in length and 50 mm in internal diameter, was 
divided into three independently temperature-controlled heating zones. 
Each zone was equipped with thermocouples to ensure precise 
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temperature regulation along the reactor’s length. In this entrained flow 
reactor, convection was the primary mode of heat transfer, accounting 
for 95 % of the total heat transfer [23]. All experiments were conducted 
at atmospheric pressure, with nitrogen used as the carrier gas at a flow 
rate of 1.6 Nm³ /h. Tire granulates were introduced into the reactor at a 
controlled feed rate of 1 ± 0.1 kg/h using a twin-screw feeding system. 
The tire granulates, entrained in the carrier gas, passed through the 
reactor, where they underwent pyrolysis to form solid pyrolytic carbon 
black (pCB) and volatile compounds. At the reactor’s bottom, the pri
mary pCB product was collected in a knockout char pot. Fine pCB par
ticles, carried by the carrier gas along with volatiles, were separated by 
two cyclonic separators housed in a 400 ◦C oven to prevent condensa
tion of volatiles on the pCB. The carrier gas and volatiles then entered a 
quenching system, where condensation occurred in two stages. Initially, 
heavy oils were condensed in a cyclonic cooler, and the remaining gases 
passed through a jacketed cooling tube. The condensed oils exiting the 
cooling tube were subsequently collected in a rotational particle sepa
rator (RPS), while non-condensable gases were analyzed before being 
released to the exhaust. The yields of the solid and liquid products from 
pyrolysis were measured directly by weight, with gas yield calculated by 
difference. Pyrolysis gas samples were collected after 30 min, once 
steady-state conditions were established. Each pyrolysis experiment was 
run for 1 hour, with approximately 2–3 hours required for heating and 
cooling the reactor. A series of experiments was conducted at reactor 
temperatures ranging from 500 to 750◦C in 50◦C intervals, using pas
senger car tire and truck tire feedstocks. As the temperature increased 
from 500 to 750◦C, the superficial velocity of gases in the reactor varied 
from 0.7 to 0.9 m/s, resulting in a 25 % decrease in the residence time of 
gases and solid particles entrained in the gas flow. Further details on the 
experimental setup are provided in Ramani et al. [1].

The choice of pyrolysis temperatures ranging from 500◦C to 750◦C 

was guided by previous studies indicating that this range effectively 
facilitates the breakdown of rubber polymers while maximizing the re
covery of valuable carbon black [1,3,5]. Lower temperatures around 
500◦C are typically associated with higher yields of pyrolysis oil, while 
higher temperatures above 600◦C promote secondary cracking reactions 
that enhance pyrolysis gas production and improve the quality of carbon 
black [3,5]. Therefore, this study systematically explores the 
temperature-dependent behavior of pyrolysis products to identify 
optimal conditions for maximizing resource recovery from waste tires, 
contributing to sustainable waste management and circular economy 
goals.

3. Results and discussion

3.1. Waste tire & commercial carbon black

The properties of the two feedstocks used in this study i.e., passenger 
car tire (PCT) and truck tire (TT) granulates, along with those of the 
commercial N660 grade carbon black, used as a reference for comparing 
with the pyrolytic carbon black (pCB) produced during the pyrolysis, are 
summarized in Table 1. Proximate analysis indicates that both feedstock 
materials consist of over 60 % volatiles by weight, which must be 
removed during pyrolysis to produce a pCB comparable to commercial 
carbon black in terms of volatile content. The feedstocks also contain 
high levels of ash, which cannot be removed during pyrolysis, thus 
necessitating a post-treatment process to reduce ash content in the pCB, 
similar to commercial carbon black. The volatile and ash values of PCT 
and TT feedstocks are consistent with those reported by Martínez et al. 
and Ucar et al. [3,24]. The ultimate analysis shows that the hydrogen 
content in the feedstocks is linked to the volatile hydrocarbon rubber 
compounds on the carbon black surface that need to be removed. The 

Fig. 1. Schematic diagram of the entrained flow reactor experimental setup [1].
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commercial carbon black exhibits a high carbon content and low 
hydrogen content. X-ray fluorescence results show the presence of 
inorganic elements in the feedstocks, such as zinc and silicon, which are 
added during tire manufacturing. These inorganics remain as ash in the 
pCB and require post-treatment, as mentioned. The heating values of the 
feedstocks range from 35 to 40 MJ/kg, aligning with the findings of 
Martínez et al. [3]. The commercial carbon black displays high toluene 
transmittance, indicating minimal volatile impurities on its surface. The 
commercial carbon black is slightly basic with a pH value of 8.5, which 
enhances the vulcanization process. Further details on the waste tire 
characterization are provided in Ramani et al. [1].

3.2. Product yields

The variation in product distribution as a function of pyrolysis 
temperature was investigated for passenger car tire (PCT) and truck tire 
(TT) granulates, as summarized in Fig. 2. As pyrolysis temperature 
increased, the yield of the solid fraction decreased due to the thermal 
degradation and volatilization of organic compounds – primarily oils, 
natural rubber, and synthetic rubber from the solid surface. Above 
600 ◦C, no further significant reduction in solid yield was observed, 
indicating that most volatiles had been removed, leaving carbon black 
and other inorganic impurities in the solid fraction. The solid fraction 
yield (pCB) in this study was consistent with the pCB yields reported in 
Martínez et al. and Murillo et al. [3,7]. The solid yield from PCT was 
higher than that of TT, which may be attributed to the higher concen
tration of inorganic impurities present in the PCT feedstock.

Conversely, increasing the pyrolysis temperature resulted in a 
decrease in oil yield and a corresponding increase in gas yield. At 
elevated temperatures, volatiles were released more rapidly from the 
solid surface, increasing their residence time in the hot zone of the 
reactor, which promoted secondary pyrolysis reactions. These secondary 
reactions led to the thermal cracking of heavier pyrolysis oil vapors into 

lighter permanent gases. This behavior is consistent with Martínez et al. 
[3], who observed that an increase in pyrolysis temperature could pro
mote an increase in gas fraction yield at the expense of liquid fraction 
yield, primarily due to these secondary pyrolysis reactions. Notably, the 
gas yield from the TT feedstock was higher than that from PCT, likely 
due to the higher volatile content in TT with a larger proportion of 
natural rubber, whereas PCT contains a higher fraction of synthetic 
rubber. Natural rubber decomposes at lower temperatures compared to 
synthetic rubbers, resulting in a longer residence time for volatiles from 
natural rubber, which aids in their thermal cracking into lighter per
manent gases. This contributes to an increased gas yield for TT, while 
PCT exhibits a higher oil yield. This observation aligns with the findings 
of Martínez et al. and Murillo et al. [3,7], who reported similar 
decomposition behavior for natural and synthetic rubbers.

At temperatures above 700◦C, a marginal increase in solid yield was 
observed alongside an increase in oil yield and a corresponding decrease 
in gas yield for both feedstocks, though these changes were within the 
error margin. This behavior is unlikely to be due to secondary reactions 
involving char formation or volatile recondensation on the carbon black 
surface, as such reactions would not typically lead to an increase in oil 
yield. Instead, this phenomenon may be attributed to the increased 
expansion of gases at higher temperatures, resulting in a shorter resi
dence time for gases and consequently a shorter residence time for the 
solid particles entrained by these gases. This hypothesis will be explored 
further in the next section during the characterization of the solid 
fraction i.e., pCB.

3.3. Solid fraction

The solid fraction, also known as pyrolytic carbon black, produced at 
different pyrolysis temperatures, was characterized using the following 
techniques: proximate analysis, ultimate analysis, X-ray fluorescence, 

Table 1 
Properties of feedstock and reference materials [1].

Material properties Tire (feedstock) CB (reference) 
N660

PCT TT

Proximate analysis (wt 
%)

​ ​ ​

Moisture 0.2 ± 0.01 0.2 ± 0.004 0.1 ± 0.001
Volatiles 63.2 ± 0.3 

(70*)
66.9 ± 0.04 
(71*)

1.0 ± 0.01 (1*)

Fixed carbon 27.5 ± 0.5 
(30*)

27.8 ± 0.1 (29
*)

98.6 ± 0.005 (99
*)

Ash 9.1 ± 0.7 5.1 ± 0.1 0.3 ± 0.005
Ultimate analysis (wt%) ​ ​ ​
C 80.4 ± 1 83.7 ± 0.2 97.6 ± 0.2
H 7.3 ± 0.2 7.8 ± 0.1 0.3 ± 0.01
N 0.5 ± 0.04 0.4 ± 0.03 0.1 ± 0.01
Resta 11.8 ± 1 8.1 ± 0.3 2.0 ± 0.2
X-Ray Fluorescence (wt 
%)a

​ ​ ​

Zn 3.2 2.4 n.m.
Si 1.7 1.0
S 1.8 1.3
Fe 0.3 0.1
Ca 0.6 0.1
Na 0.1 0.1
K 0.1 0.1
Al 0.2 0.1
O 3.9 3.1
Heating value HHV (MJ/ 
kg)

36.5 ± 0.2 38.2 ± 0.1 n.m.

Toluene transmittance (-) n.m. n.m. 90 ± 2
pH value (-) n.m. n.m. 8.5 ± 0.2

n.m. - not measured
* in dry ash-free basis
a (100-sum of C, H, N) in wt%

Fig. 2. Product distributions at different pyrolysis temperatures for: (a) pas
senger car tires; (b) truck tires.
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toluene transmittance, pH analysis, bomb calorimetry and surface area 
analysis. These methods were employed to gain a better understanding 
of its physical and chemical properties.

3.3.1. Proximate analysis
The proximate analysis results for the pyrolytic carbon blacks (pCBs) 

produced at different pyrolysis temperatures for the two feedstocks – 
passenger car tire (PCT) and truck tire (TT) granulates are presented in 
Fig. 3. The solid product contained a low moisture fraction of approxi
mately 0.5 wt%, which showed minimal variation with changes in py
rolysis temperature.

Volatile content decreased as pyrolysis temperature increased, due to 
the removal of organic compounds from the carbon black surface in an 
inert atmosphere. Consequently, the fixed carbon (carbon black) and ash 
contents increased in proportion, corresponding to the decrease in vol
atile content. At around 600◦C, most volatiles were removed, leaving a 
solid product enriched with carbon black and inorganic impurities. 
Beyond this temperature, there was little change in volatile content, as 
well as in the fixed carbon and ash contents. The pyrolytic carbon black 
derived from PCT granulates had a higher ash content compared to that 
from TT granulates, attributable to the greater proportion of inorganic 
impurities in the PCT feedstock, which remained in the solid product 
post-pyrolysis. A detailed characterization of these residual inorganic 
components is provided in Section 3.3.3. Since these components were 
not removed during pyrolysis, a post-treatment process is required to 
reduce the ash content of the pCB, as recommended by Zhang et al. and 
Chaala et al. [13–17].

Fig. 4 compares the pCBs produced from the two feedstocks at 
various pyrolysis temperatures with the reference commercial N660 
grade carbon black, on a dry, ash-free basis, to allow direct comparison 
of their fixed carbon and volatile contents. For commercial-grade carbon 
blacks, fixed carbon content should be high, with only trace amount of 
volatiles. The volatile content present in the tire feedstock decreased as 
pyrolysis temperature increased, yielding a pCB with high fixed carbon 
content, consistent with findings by Martínez et al. [3]. Most volatiles 
were removed from the carbon black surface at around 600◦C, above 
which only a slight increase in fixed carbon content was observed, with 
values approaching those of the reference material. Above 700 C, a 
minor increase in volatile content and a corresponding decrease in fixed 
carbon content were observed in pCBs derived from PCT and TT feed
stocks. To further investigate this behavior at higher pyrolysis temper
atures, a derivative thermogravimetric (DTG) analysis was conducted.

The DTG curves for pCBs produced at different pyrolysis tempera
tures from both feedstocks are summarized in Fig. 5, showing the 
degradation of residual volatiles on the carbon black surface. These DTG 
curves were compared with the reference commercial N660 grade car
bon black, which showed an almost flat curve, indicating very low 
volatile content. The DTG curves for PCT and TT feedstocks displayed 
two main peaks: the first corresponded to the degradation of natural 
rubber at lower temperatures, while the second represented the degra
dation of synthetic rubbers at higher temperatures. The sharpness of first 

peak suggested that natural rubber degraded within a narrower tem
perature range, whereas the broader second peak indicated that syn
thetic rubbers degraded over a wider temperature range, similar 
degradation profiles noted by Martinez et al. and Singh et al. [3,25]. The 
DTG curves indicated that the TT feedstock had a higher natural rubber 
content, while the PCT feedstock contained more synthetic rubbers. 
Additionally, a small peak at approximately 200◦C represented the 
weight loss due to the removal of oil additives added during tire 
manufacturing. As pyrolysis temperature increased, the area under the 
DTG curve decreased, indicating a reduction in residual volatile content. 
For pCBs produced at 500 and 550 ◦C, the peaks were still visible, 
suggesting incomplete removal of volatiles. Above 600 ◦C, the DTG 
curves flattened, indicating effective volatile removal. The DTG varia
tion for pCBs produced above 600 ◦C was marginal. However, pCBs 
produced at 750 ◦C deviated from this trend, with an increase in the area 
under the curve. For PCT feedstock, the DTG curve of pCB produced at 
750◦C fell between those of pCBs produced at 650 and 700◦C, while for 
TT feedstock, it lay between pCBs produced at 550 and 600 ◦C. This 
change was likely due to the increased gas expansion within the reactor 
at 750 ◦C, which increased gas velocity by approximately 30 % relative 
to 500 ◦C, reducing gas residence time by about 25 %. Consequently, the 
residence time of entrained solid particles also decreased, resulting in 
reduced volatile removal from the solid fraction. This behavior was 
similar to observations by Gonzalez et al. [22], who reported decreased 
volatile removal efficiency at high pyrolysis temperatures.

3.3.2. Ultimate analysis
The elemental composition of pCBs produced at different pyrolysis 

temperatures from the two feedstocks was measured using an elemental 
analyzer, with results presented in Fig. 6. Pyrolytic carbon blacks 
derived from PCT and TT feedstocks exhibited carbon contents of 

Fig. 3. Proximate analysis using TGA (as received) of pCBs produced at different pyrolysis temperatures for: (a) passenger car tires; (b) truck tires.

Fig. 4. Proximate analysis using TGA (dry ash-free basis) of pCBs produced at 
different pyrolysis temperatures.
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approximately 74 wt% and 81 wt% respectively. In contrast, the refer
ence material, commercial N660 grade carbon black, contained over 
97 wt% elemental carbon. The lower carbon content in pCBs compared 
to the reference material is attributed to the high content of inorganic 
elements in pCBs, which remain unaffected by pyrolysis temperature 
and therefore persist in the pCB. These findings are consistent with study 
by Martínez et al. [3] who also reported similar carbon content in pCBs 
due to residual inorganics that are not removed during the pyrolysis 
process. The fraction that could not be measured by the elemental 
analyzer, around 25 wt% for PCT-derived pCB and 17 wt% for 
TT-derived pCB, likely composed of inorganic metals, oxygen, and sul
fur, which are discussed in detail in Section 3.3.3. The nitrogen content 
in pCBs from PCT and TT feedstocks was low, ranging from 0.3 to 0.4 wt 
%, and did not vary significantly with pyrolysis temperature. This ni
trogen is expected to be present in the form of functional groups on the 
carbon black surface. The hydrogen content primarily represents 
hydrogen in hydrocarbon-based rubber compounds on the carbon black 
surface. As the pyrolysis temperature increased from 500 to 600◦C, the 
hydrogen content decreased from 2.5 to 0.8 wt% for pCBs from PCT 
feedstock, and from 2.7 wt% to 1.0 wt% for pCBs from TT feedstock, 
indicating progressive devolatilization of rubber compounds. Above 
600◦C, the hydrogen content showed minimal further reduction with 
increasing temperature.

The amount of hydrogen remaining in the pyrolytic carbon black is 

directly related to the quantity of residual volatile impurities, in the 
form of unconverted rubber compounds or pyrolytic hydrocarbon con
densates, on the pCB surface. Hydrogen conversion, representing the 
percentage of hydrogen initially present in the feedstock that was 
removed during pyrolysis, was calculated as follows: 

ConversionH % =
Hfeedstock − Hproduct

Hfeedstock
∗ 100 

where Hfeedstock represents the initial hydrogen content in the feed
stock, and Hproduct is the hydrogen content remaining in the pyrolytic 
carbon black product [1].

Hydrogen conversion values for pCBs from PCT and TT feedstocks at 
different pyrolysis temperatures are summarized in Fig. 7, alongside the 
reference commercial N660 carbon black. The reference material 
showed a high hydrogen conversion rate of approximately 96 %. For 
pCBs, hydrogen conversion increased with pyrolysis temperature, 
reaching values close to that of the reference material around 600◦C. 
Beyond 600◦C, there was only a marginal increase in hydrogen con
version. At temperatures above 700◦C, hydrogen conversion decreased 
slightly, which was attributed to increased gas expansion and reduced 
residence time for the solid particles in the reactor, leading to decreased 
hydrogen removal as explained in Section 3.3.1. The trend in hydrogen 
conversion from ultimate analysis aligned well with the volatile content 
reduction observed in proximate analysis.

Fig. 5. Derivative thermo-gravimetric (DTG) curves of volatiles remaining on pCBs produced at different pyrolysis temperatures for: (a) passenger car tires; (b) 
truck tires.

Fig. 6. Elemental composition of pCBs produced at different pyrolysis temperatures for: (a) passenger car tires; (b) truck tires.
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3.3.3. X-ray fluorescence
The composition of the remaining fraction, which cannot be 

measured using the organic elemental analyzer as discussed in Section 
3.3.2, was characterized using X-ray fluorescence, and the elemental 
composition of this fraction in the pCB is summarized in Fig. 8. There is a 
substantial retention of sulfur in the solid fraction, with approximately 
50 wt% of the sulfur initially present in the tire feedstock remaining in 
the pCB product, regardless of pyrolysis temperature. This observation 
aligns with findings from Martinez et al. and Williams, who reported 
significant sulfur retention in solid residues from tire pyrolysis due to the 
presence of thermally stable sulfur compounds [3,5]. Metallic elements 
such as Zn, Si, Fe, Ca etc. also persist in the pCB, generally in their oxide 
or sulfide forms. It is evident that these inorganic ash constituents 
remain in the pyrolytic carbon black product despite the increase in 
pyrolysis temperature, indicating that pyrolysis alone does not effec
tively remove these constituents. Consequently, a post-treatment pro
cess is necessary to reduce the ash content in the pCB product [13–17].

3.3.4. Toluene transmittance
Toluene transmittance, measured according to ASTM-D1618, is a 

method for qualitatively assessing the level of organic impurities 
remaining on carbon blacks. In his method, a toluene extract of the 
carbon black is analyzed using a spectrophotometer to measure UV light 
transmittance at 425 nm. Since toluene is colorless, a darker toluene 
extract indicates a pCB with a high quantity of organic impurities, while 
a lighter extract suggests a lower level of organic impurities. Fig. 9
shows a visual representation of toluene extracts from pCBs produced at 
different pyrolysis temperatures from truck tire feedstock. With 
increasing pyrolysis temperature, the toluene extract became lighter in 
color, indicating the progressive removal of volatile impurities from the 

pCB surface.
The toluene extracts of pCBs produced from two different feedstocks 

at various pyrolysis temperatures were examined using a spectropho
tometer, and the UV transmittance results are shown in Fig. 10. The 
reference material, N660, exhibited a high transmittance value, with 
approximately 90 % of UV light passing through its extract. Consistent 
with visual observations, the toluene transmittance of pCBs increased 
with pyrolysis temperature. However, even at high pyrolysis tempera
tures, the transmittance values for pCBs remained lower than those of 
the reference material, confirming the presence of residual organic im
purities in the pyrolytic carbon blacks. Above 700◦C, a decline in 
toluene transmittance was observed, likely due to reduced residence 
time of the solid fraction inside the reactor caused by gas expansion at 
higher temperatures, as discussed in Sections 3.3.1 and 3.3.2. Addi
tionally, the toluene transmittance of pCBs from TT feedstock was lower 
than that from PCT feedstock, indicating a higher level of residual 
organic impurities in pCBs produced from truck tires. This difference can 
be attributed to the higher natural rubber content in truck tires, which is 
known to generate more complex volatile organic compounds during 
pyrolysis, as reported by Martinez et al. [3]. These trends in toluene 
transmittance align well with the proximate and ultimate analysis re
sults discussed earlier.

3.3.5. pH analysis
The pH of the pyrolytic carbon black was measured using ASTM test 

method D1512, which determines the pH of water in contact with pCB. 
The measured pH values for the pCBs produced at different pyrolysis 
temperatures from PCT feedstock are shown in Fig. 11. The pH of the 
reference material, N660, was found to be approximately 8.5. A basic pH 
(i.e., pH > 7) is desirable for carbon black used as a reinforcing filler 
material, as it accelerates the vulcanization process, enhancing cross- 
linking density and mechanical properties of the rubber, as previously 
discussed by Ramani et al. [1]. The pH of the pCB increased with py
rolysis temperature, approaching that of the reference material for pCBs 
produced at temperatures above 600◦C.

3.3.6. Bomb calorimetry
The heating values of pCBs produced from PCT and TT feedstocks at 

various pyrolysis temperatures were measured using a bomb calorim
eter, with results shown in Fig. 12. As pyrolysis temperature increased, 
the heating value of the pCB decreased. This decline is attributed to the 
decreasing hydrogen content in the solid fraction at higher pyrolysis 
temperatures, as hydrogen has a high heating value of 141 MJ/kg [26]. 
For pCBs produced at temperatures above 600◦C, changes in heating 
value were minimal, since most of the hydrogen had already been 
removed, leaving a solid fraction primarily composed of elemental 
carbon and inorganic elements. The heating values of pCBs derived from 
PCT feedstock were lower than those produced from TT feedstock, likely 
due to the higher inorganic ash contents in the PCT feedstock compared 

Fig. 7. Hydrogen conversion (in wt%) in pCBs produced at different pyrolysis 
temperatures.

Fig. 8. Elemental composition in rest fraction of pCBs at different pyrolysis temperatures for: (a) passenger car tires; (b) truck tires.
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to the TT feedstock, as supported by previous studies [5].

3.3.7. BET surface area analysis
The Brunauer-Emmett-Teller (BET) surface area of pCBs produced at 

different pyrolysis temperatures from PCT and TT feedstocks is shown in 
Fig. 13. Surface area was observed to increase with pyrolysis tempera
ture. This trend is attributed to the removal of rubber compounds from 
the carbon black surface as pyrolysis temperature increased, thereby 
exposing more of the carbon black surface and resulting in a higher 
surface area. Changes in surface area became marginal at temperatures 
above 600◦C, as most rubber compounds had already volatilized. Since 
the pyrolytic carbon black is effectively a blend of different commercial 
carbon black grades ranging from N110 to N772 [5,27], the produced 
pCB has a surface area within the typical range of these commercial 
grades.

3.3.8. Liquid fraction
The condensable fraction of volatiles produced from the decompo

sition of rubber compounds during tire pyrolysis was collected as py
rolysis oil. The elemental composition of the pyrolysis oil generated at 
various temperatures from PCT and TT feedstocks is summarized in 
Fig. 14. Pyrolysis oil is primarily composed of carbon (approximately 
80–90 % by weight), and hydrogen (about 5–10 % by weight). These 
high concentrations of carbon and hydrogen are due to the degradation 
of rubber compounds, which are long hydrocarbon chains. The 
remaining 5–10 % of the pyrolysis oil consists of oxygen, sulfur, and 
nitrogen, with nitrogen content stable around 1 wt% and relatively 
unaffected by temperature variations. These findings are consistent with 
those reported by Martinez et al., who highlighted similar compositional 
characteristics in pyrolysis oils from waste tires [3].

As discussed in Section 3.3.3, approximately 50 wt% of sulfur in the 
tire feedstock remains in the solid fraction (pCB) as metallic sulfides. 
The remaining sulfur enters the volatile phase during pyrolysis, with 
some condensing into the oil fraction, and the remainder in the gas 
phase. At lower pyrolysis temperatures, most sulfur in the volatiles 
condenses into the oil fraction. As shown in Fig. 15, sulfur content in 

Fig. 9. Toluene extracts of pCBs produced from TT feedstock at different pyrolysis temperatures.

Fig. 10. Toluene transmittance of pCBs produced at different pyrolysis 
temperatures.

Fig. 11. pH value of pCBs produced at different pyrolysis temperatures.

Fig. 12. Higher heating values of pCBs produced at different pyrolysis 
temperatures.

Fig. 13. BET surface area of pCBs produced at different pyrolysis temperatures.
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pyrolysis oil decreases with increasing temperature, as more sulfur re
mains in the gas phase at higher temperatures. Low-sulfur pyrolysis oil is 
preferred for fuel applications, given the emission and corrosion issues 
associated with sulfur content [28,29]. However, oil yield also decreases 
significantly at higher temperatures, from about 30–35 wt% at 500◦C to 
roughly 15–20 wt% at 750◦C. Therefore, balancing yield and sulfur 
content is essential depending on the intended application. Desulfur
ization technique may also be used to reduce sulfur levels in the pyrol
ysis oil if necessary [28,29].

A low O/C atomic ratio of 0.03 contributes to a high heating value of 
around 40 MJ/kg for the pyrolysis oil derived from waste tires, which is 
in agreement with the high-energy content reported by Martinez et al. 
[3]. As shown in Fig. 16, the heating value decreases with increasing 
pyrolysis temperature, dropping from about 43 MJ/kg at 500◦C to 
around 39 MJ/kg at 750◦C. This decrease is associated with reduced 
hydrogen content in the pyrolysis oil, from approximately 9 wt% at 
500◦C to 6 wt% at 750◦C.

H/C atomic ratio provides insight into the aliphatic or aromatic 
nature of the pyrolysis oil, which is crucial for determining suitable 
applications. Aliphatic compounds generally have higher H/C ratios, 
ranging from 1.4 to 2.0, than aromatic compounds [30]. As shown in 
Fig. 17, the H/C atomic ratio for pyrolysis oil decreases from approxi
mately 1.4 to 0.8 as the temperature increases from 500◦C to 750◦C, 
indicating a shift from aliphatic to aromatic composition. This trans
formation is consistent with findings by Lopez et al., who reported that 
increasing pyrolysis temperatures enhance aromaticity due to secondary 
cracking reactions [19]. Thus, pyrolysis oil produced at lower temper
atures is more suitable as a fuel, while oil produced at higher temper
atures, with higher aromatic content, may serve as a valuable feedstock 
for chemical industries.

3.3.9. Gaseous fraction
The non-condensable fraction of volatiles produced from the 

decomposition of rubber compounds during tire pyrolysis was collected 
as pyrolysis gas. The volume of pyrolysis gas produced increased 
significantly with increasing temperature, reaching nearly six times the 
initial volume as the temperature increased from 500◦C to 750◦C, as 
shown in Fig. 18. This trend is consistent with findings reported by 
Williams [5], who observed that higher pyrolysis temperatures enhance 
the gas yield due to increased thermal cracking of volatile compounds 
into permanent gases. At lower temperatures, the generated volatiles are 
primarily heavy hydrocarbons, most of which condense into oil, 
resulting in a smaller fraction of volatiles exiting the system as pyrolysis 
gas. However, as the pyrolysis temperature rises, the volatiles undergo 
secondary cracking reactions, breaking down heavy hydrocarbons into 
lighter, permanent gases that do not condense into oil. Additionally, 
these lighter gases have a lower density than heavy gaseous hydrocar
bons. These factors contribute to the increased volumetric flow rate of 
pyrolysis gas as temperature rises.

The composition of pyrolysis gases produced at different 

Fig. 14. Elemental composition of pyrolysis oil produced at different temperatures for: (a) passenger car tires; (b) truck tires.

Fig. 15. Retention of sulfur in pyrolysis oil produced at different temperatures.

Fig. 16. Higher heating values of pyrolysis oil produced at different 
temperatures. Fig. 17. H/C atomic ratios of pyrolysis oil produced at different temperatures.
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temperatures from PCT and TT feedstocks, in both volumetric and 
gravimetric terms, is summarized in Figs. 19 and 20, respectively. The 
pyrolysis gas primarily comprises H2, CO, CO2, and a substantial amount 
of hydrocarbons ranging from C1 to C4, with proportions varying by 
pyrolysis temperature. The low concentrations of CO and CO2 in the 
pyrolysis gas reflect the minimal presence of oxygenated organic com
pounds in the feedstock. The proportion of lighter gas species such as H2, 
CH4 and C1-C3 hydrocarbons increases with higher temperatures, a 
trend attributed to the thermal cracking of heavier hydrocarbons at 
elevated temperatures, corresponding to a decrease in 
C4+ hydrocarbons, as also reported by Lopez et al. [19] in their study of 
tire pyrolysis in a spouted bed reactor. This behavior is also evident in 
the total volume of detectable gases. At 500◦C, only 75 % and 55 % of 
the pyrolysis gas volume produced from PCT and TT feedstocks, 
respectively, is measurable. As the pyrolysis temperature increases to 
750◦C, the measurable volume of these pyrolysis gases increases to 
about 90 %. Similarly, the total detectable gas fraction on a gravimetric 
basis rises from approximately 25–50 % as the temperature increases 
from 500◦C to 750◦C. This increase in detectable gas content may be due 
to the thermal breakdown of heavier hydrocarbons, which are not 
measurable in the gas chromatograph used in this study, into lighter, 
permanent gases that can be detected by the device. These findings are 
further supported by the studies of Singh et al. [25], which demon
strated that higher pyrolysis temperatures facilitate the decomposition 
of long-chain hydrocarbons into smaller molecules, thereby increasing 
the detectable gas fraction. This observation is further analyzed through 
the mass balance of the pyrolysis experiments, discussed in Section 3.6. 
By optimizing pyrolysis temperature, it is possible to maximize gas yield 
and composition, which can be advantageous for fuel gas applications 
due to the high calorific value of gases like H2 and CH4.

3.3.10. Mass & energy balances
During the pyrolysis process, tire feedstock is converted into three 

distinct fractions: a solid fraction (pyrolytic carbon black), a liquid 
fraction (pyrolysis oil) and a gaseous fraction (pyrolysis gas). The dis
tribution of these pyrolysis products varies based on the nature of the 
feedstock and the selected process conditions, particularly the pyrolysis 
temperature. The mass balance for experiments conducted at different 
temperatures for the two feedstocks is summarized in Fig. 21. As py
rolysis temperature changes, mass balance closure ranges from 75 % to 
85 % for the PCT feedstock and from 70 % to 80 % for the TT feedstock.

The missing portion of the mass balance is likely attributed to heavy 
C4+ gaseous hydrocarbons that cannot be measured with the gas chro
matograph columns available in this study. To validate this hypothesis, 
an after-burner was employed in previous study to combust and convert 
these heavy hydrocarbons in the pyrolysis gas into measurable forms, as 
demonstrated in Ramani et al. [1]. By applying the afterburner tech
nique, mass balance closure exceeded 95 %, confirming that the missing 
fraction in the mass balance consists of heavy gaseous hydrocarbons. As 
pyrolysis temperature increases from 500◦C to 750◦C, the detected gas 
fraction in the mass balance rises from approximately 5–25 %, indi
cating that the unmeasured hydrocarbons are progressively broken 
down into lighter, measurable gases, due to enhanced thermal cracking 
at higher temperatures.

The molecular weight of natural rubber is between 106 to 107 g/mol, 
while that of synthetic rubber ranges from 104 to 105 g/mol [31]. Truck 
tires are known to have a higher natural rubber content, while passenger 
car tires contain a higher proportion of synthetic rubbers (Ucar et al. 
[24]). Therefore, under identical process conditions, truck tire decom
position will yield a gaseous fraction containing heavier hydrocarbons 
that cannot be detected by the available gas chromatograph columns, 
compared to that produced from passenger car tire feedstock. This may 
explain the lower mass balance closure observed for truck tires relative 
to passenger car tires.

The energy content of tire feedstock is distributed among the solid, 
liquid, and gaseous products during pyrolysis. The proportion of energy 
distributed among each product fraction shifts with changes in pyrolysis 
temperature, as shown in Fig. 22 for PCT and TT feedstocks. Based on 
the previously discussed findings, the missing fraction is considered part 
of the gaseous product, with an estimated energy content of approxi
mately 44 MJ/kg, making pyrolysis gas suitable for use as a fuel gas due 
to its high heating value. Beyond 600◦C, the energy content of the solid 
product remains relatively stable, while the energy percentage of the 
liquid product decreases with a corresponding increase in the gaseous 
product. This shift is due to secondary cracking reactions at higher py
rolysis temperatures, which break down heavier oil fractions into lighter 
permanent gases, aligning with the findings of Martínez et al., who 
observed similar trends in tire pyrolysis studies [3].

The pyrolysis of waste tires presents a sustainable solution for tire 
disposal by converting waste materials into valuable products, thereby 
addressing environmental concerns. Pyrolytic carbon black (pCB) 

Fig. 18. Flow rates of pyrolysis gas produced at different temperatures.

Fig. 19. Volumetric composition (in vol%) of pyrolysis gases produced at different pyrolysis temperatures for: (a) passenger car tires; (b) truck tires.
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recovered through this process exhibits properties close to commercial- 
grade carbon black, particularly at temperatures above 600◦C, indi
cating its potential to partially replace fossil-derived carbon black in 
specific rubber applications. This substitution could reduce the envi
ronmental footprint of industries dependent on virgin carbon black, 
thereby contributing to resource conservation and waste minimization. 
Pyrolysis oil, with a heating value of up to approximately 43 MJ/kg at 
lower pyrolysis temperatures, can serve as a high-energy fuel. At higher 
pyrolysis temperatures, its aromatic nature enhances its suitability as a 
chemical feedstock. The dual potential of pyrolysis oil, as a renewable 
energy source and a precursor for chemical synthesis, broadens its 
versatility and market appeal. The gas fraction, with a heating value of 
around 44 MJ/kg, can be utilized as an alternative energy source, 

potentially lowering operational costs for pyrolysis facilities or nearby 
industries. Economically, tire pyrolysis offers revenue generation 
through the sale of pCB, oil, and pyrolysis gas, thereby diversifying in
come streams for waste management and recycling facilities.

4. Conclusions

This study comprehensively investigated the effect of pyrolysis 
temperature on the distribution and properties of products derived from 
two different feedstocks, passenger car tire (PCT) and truck tire (TT) 
granulates, using an entrained downdraft flow reactor. As pyrolysis 
temperature increased from 500◦C to 750◦C, the yield of pyrolytic car
bon black (pCB) decreased from approximately 45 wt% to 35 wt%, 

Fig. 20. Gravimetric composition (in wt%) of pyrolysis gases produced at different pyrolysis temperatures for: (a) passenger car tires; (b) truck tires.

Fig. 21. Mass balance for the flash pyrolysis experiments conducted at different temperatures using: (a) passenger car tires; (b) truck tires. *not detected, but mainly 
gaseous heavy hydrocarbons

Fig. 22. Energy balance for the flash pyrolysis experiments conducted at different temperatures using: (a) passenger car tires; (b) truck tires. *not detected, but 
mainly gaseous heavy hydrocarbons
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while its properties approached those of commercial-grade carbon black 
(N660), particularly at temperatures above 600◦C. This indicates pCB’s 
potential for partial substitution of commercial carbon black as a filler in 
specific rubber applications. Beyond this threshold, changes in both the 
yield and properties of pCB were marginal, suggesting near-complete 
devolatilization. Ash constituents, however, remained stable and unaf
fected by temperature, thus requiring post-treatment. The yield of py
rolysis oil continuously decreased with increasing temperature, from 
around 35 wt% at 500◦C to below 20 wt% at 750◦C. Correspondingly, 
the yield of pyrolysis gas increased, rising from approximately 25 wt% 
at 500◦C to over 45 wt% at 750◦C. This trend is attributed to secondary 
thermal cracking reactions that convert heavier oil fractions into lighter, 
permanent gases at elevated temperatures, as reflected in the changing 
characteristics of both the oil and gaseous products. Pyrolysis oil pro
duced at lower temperatures could be used as a fuel due to its high 
heating value of approximately 43 MJ/kg. As temperature increased, the 
pyrolysis oil showed greater aromaticity, reduced hydrogen content, 
and a corresponding decrease in heating value, indicating its suitability 
for chemical feedstock applications. At pyrolysis temperatures above 
600◦C, approximately 50 % of the tire feedstock’s energy was trans
ferred into gaseous products. The composition of pyrolysis gas also 
shifted significantly with increasing temperature, showing a transition 
from heavier hydrocarbons to lighter hydrocarbons and hydrogen, 
enhancing its potential as a high-energy fuel gas with a heating value of 
approximately 44 MJ/kg. These insights on the influence of temperature 
on pyrolysis product distribution and properties are valuable for opti
mizing the pyrolysis process to meet application-specific requirements 
for each product.
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thermal degradation kinetics of elastomeric powder (ground tire rubber), Polym. 
Plast. Technol. Eng. 47 (2007) 36–39.

[9] N. Candau, O. Oguz, N.L. Albiter, G. Förster, M.L. Maspoch, Poly(lactic acid)/ 
ground tire rubber blends using peroxide vulcanization, Polymers 13 (2021) 1496.

[10] Ł. Zedler, M. Klein, M.R. Saeb, X. Colom, J. Cañavate, K. Formela, Synergistic 
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