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ABSTRACT: Recovered Carbon Black (rCB) from scrap tire pyrolysis offers a potential alternative to fossil-based virgin Carbon
Black (CB) in the context of a circular economy. This study investigated the influence of pyrolysis process parameters on rCB yield
and quality at laboratory and semi-industrial scales. The resulting rCBs were characterized and found to have surface and structural
properties comparable to N500 and N600 series CBs, but with higher mineral and volatile contents. The quality of rCB is influenced
by the feedstock composition, particularly the ratio of organic to inorganic components as well as key process parameters such as
heating rate, pyrolysis temperature and residence time. Higher heating rates accelerate degradation and shift product distribution
toward increased oil yield and reduced rCB formation, while higher pyrolysis temperatures lead to lower volatile content in rCB.
Additionally, reactor and process design affect heat distribution, transfer efficiency, and mixing behavior, further shaping rCB
properties. However, further testing is required to evaluate the actual in-rubber properties of rCBs. Therefore, additional tests are
planned, incorporating rCB into butyl and nitrile rubber-based elastomer compounds, which will be addressed in a follow-up study.
In addition, data from the current experiments will support a comprehensive Life Cycle Assessment (LCA) to evaluate the environmental
impacts of tire pyrolysis and rCB production compared to other recycling methods, with details to follow in a future publication.

Keywords: Recycling; Chemical recycling; Waste tires; Recovered Carbon Black (rCB); Carbon Black (CB); Pyrolysis; Sustainability;
Circular economy
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1. Introduction

Worldwide, more than 1 billion used tires reach the end of their life every year [1,2]. In Europe alone, the volume of
used tires is approximately 3.5 million tons per year [3,4], of which about 500,000 tons are generated in Germany [5].

Based on data from the ‘Gesellschaft fiir Altgummi-Verwertungs-Systeme m.b.H. (GAVS)’ and the
‘Wirtschaftsverband der deutschen Kautschukindustrie e.V. (WDK)’, Figure 1 summarizes the volume of scrap tires
and the corresponding utilization routes in Germany for the years 2000 to 2023.

https://doi.org/10.70322/amsm.2025.10007
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Figure 1. Scrap tire volumes and recycling routes in Germany (2000-2023) according to data from GAVS [6-23] and WDK [5,24—
27], the missing data for 2020 due to the corona pandemic was interpolated, sum of total exports contains exports for reuse, exports
of retreads and exports for energy recovery.

The established recycling channels in Germany are trending downward. Retreading of used tires, domestic
recycling and, above all, co-incineration in cement plants are in sharp decline. The rising discussion and regulation of
polycyclic aromatic hydrocarbons (PAH) content in scrap tire granulation is also currently slowing the growth trend in
mechanical recycling [28]. This effect is likely to be exacerbated by the recently announced EU ban on using plastic
infill in artificial turf and sports surfaces [29].

The declining domestic recycling capacity is offset by a significant increase in exports of used tires from Germany,
which has been evident for more than 10 years. In 2023 alone, annual exports from Germany were about 117,000 tons
[5]. This development is not at all in line with the European Green Deal presented in 2019, which aims to reduce waste
exports at the European level and promote the establishment of national circular economy models [30]. Especially as it
is predicted that Germany will continue to have an annual volume of used tires that can no longer be recycled
domestically [31], appropriate ecological alternatives must be found.

As a potential solution for closing the recycling gap, and thus as a complementary path to existing scrap tire
recycling methods, raw material recycling, in particular pyrolysis technology, is gaining attention in science and
industry [32,33]. Pyrolysis is a thermochemical process in which the macromolecular structure of materials is broken
down under heat and in the absence of oxygen, resulting in the products gas, oil and coke [33,34]. A general state of
the art process diagram for scrap tire pyrolysis is shown in Figure 2.

The high-calorific pyrolysis gas is typically used for energy or heat production [33], and the pyrolysis oil is used
as a substitute fuel or as a feedstock for the chemical industry [35]. Pyrolysis coke (Raw rCB), which is a mixture of
the industrial CB grades used in tires and inorganic components and other pyrolysis residues [36], can be used as a
substitute fuel or processed into activated carbon [35]. If the raw rCB is further ground, it is referred to as recovered
carbon black (rCB) according to ASTM D8178-22. After grinding, the rCB is usually pelletized to prepare the fine
material for transport and handling in industry.

Since rCB typically shows only semi-reinforcing properties in new rubber compounds, there is no large-scale
industrially established pathway for its use as an alternative filler. Potential users face the challenge that rCB from scrap
tire pyrolysis differs from standard CB [32] and, therefore, at the current stage of development, is not suitable as a full
100% CB replacement for elastomer compounds [37]. Nonetheless, there are already initial applications of rCB, with
the bicycle tire manufacturer Schwalbe incorporating it into new bicycle tires and the tire manufacturer Continental
utilizing it for specific purposes in new solid tires [38—40].
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Figure 2. General process scheme of waste tire pyrolysis (dotted lines symbolize optional paths).

CB is a fossil-based raw material obtained through the controlled decomposition of liquid or gaseous hydrocarbons
[41]. Most CB is produced industrially using the so-called furnace process, which uses various types of oil, usually by-
products of the chemical industry, and natural gas as a fuel [42].

Carbon blacks are precisely classified according to various properties. The classification is based on a four-digit
nomenclature, e.g., “N550” or “N660”, which is defined according to the ASTM standard D1765-23b. The first
character is a letter indicating the CB’s effect on a rubber compound’s vulcanization rate. The letter “N” represents a
normal curing rate, as is typical for furnace blacks. A prefixed “S” indicates modified carbon blacks, which reduce the
vulcanization speed compared to the N-series. The second symbol is a number describing the average specific surface
area of the carbon black as determined by nitrogen adsorption according to the Brunauer, Emmett and Teller (BET)
method. The last two characters of the code are arbitrary digits, with the following rule of thumb for rough orientation:
the smaller the two digits, the lower the structure of the carbon black [36]. Structure is a measure of the physical
polymer-filler interaction. A high structure is the result of a large number of interlocks in the CB aggregates. The large
number of resulting voids provides many opportunities for the polymer chains to interact and positively influence the
reinforcing properties.

Approximately 90% of the world’s total CB production is used in rubber applications [43]. Tires and other rubber
products for the automotive industry alone account for about 70% [44]. In addition to its traditional use as a pigment,
filler and reinforcing agent in the tire industry, CB is becoming increasingly important in emerging and rapidly growing
energy storage and conversion technologies. Due to its specific properties and conductivity, CB is particularly suitable
for CO; capture technologies, supercapacitors, batteries and solar cells, as well as a catalyst support in fuel cells [45].

Considering the continuously increasing global demand for fossil-based CB, which is expected to exceed 17
million tons per year by 2030 [46], development efforts for the production, optimization and use of rCB as a non-fossil
filler alternative seem to be worthwhile. This study contributes to generating fundamental data for evaluating waste tire
pyrolysis, focusing on producing carbonaceous materials suitable for incorporation into new rubber compounds. It
includes an experimental setup that specifically considers the upscaling of the pyrolysis process with integrated gas
analysis, providing crucial data for assessing rCB production on an industrial scale. This data serves as a foundation for
future LCAs, enabling the evaluation of the environmental impact of tire pyrolysis and rCB production compared to
conventional CB and other tire recycling pathways. From a strategic perspective, this study will help assess the potential
and feasibility of pyrolysis as a complementary tire recycling technology.
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2. Materials and Methods

As part of the study, rCB from scrap tire pyrolysis was produced (laboratory and semi-industrial scale), analyzed and
compared to common industrial CB grades. The procedure, test setups and analytical methods used are described below.

2.1. Analysis of Input Material

Analysis of the input material was performed in triplicate for each parameter, with the mean values reported.
Particle size distribution was determined via sieve analysis, using test sieves with metal wire mesh (200 mm diameter)
and a flat sieve shaker (model: AS 400 control, Retsch, Haan, Germany) according to DIN ISO 3310-1:2017-11. Bulk
density was measured in a 5.0 L measuring cylinder, following the specifications of DIN EN ISO 17828:2016-05. To
determine the water content, samples were dried in an oven as per DIN 51718:2002-06 (method B), while ash content
was assessed through combustion in a muffle furnace according to DIN EN ISO 3451-1:2019-05 (method A). Similarly,
the volatile matter content was determined using the muffle furnace in line with DIN 51720:2001-03. The elemental
composition (C, H, N, S) was analyzed using a Vario Macro Cube elemental analyzer (Elementar Analysensysteme
GmbH, Langenselbold, Germany), while the oxygen content was calculated as the difference between the total sample
mass and the combined values of ash, water, and the previously determined elemental components (C, H, N, S). Finally,
the fixed carbon content was derived by subtracting the water, volatile and ash content from the total sample mass,
providing a comprehensive characterization of the material.

2.2. Experimental Setup for Waste Tire Pyrolysis

A detailed study was carried out in a laboratory reactor to investigate the pyrolysis of rubber granulate from end-
of-life tires fundamentally. For this, a laboratory tube furnace (model: TS3 12/125/600) from Carbolite Gero GmbH &
Co. KG (Neuhausen, Germany) was used, as schematically shown in Figure 3a.

The sample material (approximately 30 g per test) was filled into ceramic sample crucibles and placed in the center
of the quartz tube (length 1200 mm, inner diameter 120 mm, wall thickness 2.5 mm). The gas-tight setup underwent
three cycles of inertization by evacuating to —1.0 bar rel. using a vacuum pump and flooding with nitrogen to +1.0 bar rel.

For the pyrolysis process, inertization was ensured by a continuous flow of nitrogen at a rate of 1.5 L/min under
atmospheric pressure. The laboratory setup was operated in two modes: In the first, focused solely on pyrolysis coke
formation, the pyrolysis gas was vented directly to a fume hood via a heated gas pipe (no oil condensation). In the
second mode, the gas was passed through a condensation setup with two gas-tight bottles in an ice bath for pyrolysis
oil collection, with the remaining permanent gas vented to the fume hood.

A temperature range of 300 to 750 °C with a temperature increase of +50 °C per test was used for the laboratory
test series. All pyrolysis experiments were performed at a constant heating rate of 10 K/min, which was limited by the
capabilities of the laboratory furnace and a holding time of 60 min at the target temperature.

For the mass balance, the initial sample mass, the mass of pyrolysis coke remaining in the crucible after the process,
and, where applicable, the mass of condensed oil was determined by weighing. The mass of the pyrolysis gas was
calculated as the difference between the initial sample mass and the combined masses of coke and condensed oil. After
intermediate storage in a desiccator, the pyrolysis coke was characterized in the laboratory (see Section 2.3).

Promising process parameters were scaled up in a semi-industrial rotary kiln (see Figure 3b and the photo in
Supplementary Material (SM), Figure S1). The rotary kiln is fed with the rubber granules via an inertizable bunker by
means of a screw conveyor. The material throughput of the system is limited to 30 kg/h or a thermal output of 150 kW,.
Due to the horizontal incline (0-3°) and the rotation (0.1-10.0 rpm) of the tube, the material bed moves through the
kiln. Six electric heating elements of 10 kW each are used for the thermal treatment of the material along a heated tube
length of 3500 mm. At the discharge end, the pyrolysis coke is cooled to <100 °C via a double-walled water-cooling
system and collected in a nitrogen inert container. A constant flow of nitrogen provides a directed gas stream and
maintains a process pressure of ~10 mbar (rel.) in the reactor as the pyrolysis gas is extracted via a coaxial lance and
passed through a 500 °C heated tube to the thermal post-combustion system. A bypass flow of the gas is diverted from
the heat-ed pyrolysis gas tube to an ice bath setup for oil condensation, as performed in the laboratory experiments. The
remaining permanent gas is then prepared and analyzed using a VARIOluxx Syngas analyzer from MRU GmbH
(Neckarsulm, Germany).
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Figure 3. (a) Scheme of lab-scale pyrolysis tests and (b) semi-industrial rotary kiln at metabolon institute (Lindlar, Germany),
including the bypass connection to the shared oil condensation unit as well as the permanent gas preparation and analysis system.

2.3. Carbon Black Characterization

Several rCB samples were produced on a laboratory scale and “rCB1” was produced in the semi-industrial rotary
kiln at metabolon institute. Two other rCB types (“rCB2” and “rCB3”) were provided by industrial partners from
commercial scrap tire pyrolysis. The samples “BG” (bagasse from sugar beet processing) and “GP” (carbon black from
natural gas pyrolysis) provided by industrial partners were also used for comparison. All CB and rCB analyses were
performed in triplicate with the mean values reported. Sample characterization included the following parameters:

The carbon black composition (C, H, N, S) was determined with an elemental analyzer type Vario Macro Cube
from Analysensysteme GmbH (Langenselbold, Germany). In addition, a scanning electron microscope (SEM) type
SUS5000 of Hitachi High-Technologies Corporation (Tokyo, Japan), in combination with the elemental analysis
software “Aztec 5.0 SP1” of Oxford Instruments plc (Abingdon, UK), was used to analyze the ashes.
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The ash content was determined in a muffle furnace according to ASTM D1506-23 and additionally by the recently
published standard ASTM D8474-23, applicable only to rCB, using thermogravimetric analysis (TGA) in an analyzer
of the type STA 409PC/PG from Netzsch GmbH & Co. Holding KG (Selb, Germany).

Surface contamination by volatile components was also analyzed in a muffle furnace following DIN 51720:2001-
03. For the material samples GB and BG, the volatile content was determined by TGA according to ASTM D8474-23.

The evaluation of the carbon black structure is based on the oil adsorption number (OAN) in accordance with
ASTM D2414-23a and the compressed oil adsorption number (COAN) in line with ASTM D3493-21. Analyses were
performed using the DABS-BUO1 instrument from HITEC Luxembourg S.A. (Luxembourg). Additionally, the Void
Volume (VV) according to ASTM D7854-21 was determined using the CVST-BASU analyzer by HI-TEC Luxem-
bourg S.A. (Luxembourg) for structural evaluation of the carbon blacks.

Specific surface area was determined by the Brunauer, Emmett and Teller (BET) method using nitrogen adsorption
with the NOV Atouch instrument by Anton Paar GmbH (Graz, Austria) as per ASTM D6556-21, although the actual
suitability of the method for rCB from scrap tire pyrolysis has not been conclusively validated.

There is also still uncertainty in the industry regarding rCB particle size determination methods. Although laser
diffraction is the preferred measuring method, there is no uniform and standardized procedure for rCB. For the present
study, particle size was determined using a disk centrifuge 24000UHR (CPS, Prairieville, LA, USA) available in the
Cologne University of Applied Sciences laboratories. The D97 percentile of each particle is reported.

3. Results and Discussion
3.1. Characterization of Input Material

The feed material is rubber granules from scrap tires (a mixture of different car, truck and bicycle tires) that have
already been mechanically processed and separated from the steel and fabric fractions. More than 50% of the particles
are between 3.15 and 5.0 mm in size. According to [47], this particle size is well suited for obtaining a high combined
yield of pyrolysis coke and oil, which is economically relevant for large-scale operation of pyrolysis plants. The detailed
sieve analysis, including the particle size distribution curve, can be found in Table S1 and Figure S2.

Table 1 summarizes the proximate and elemental analysis of the rubber granules used (as received). It includes the
determination of water content, ash content, content of volatile components and content of C, H, N and S. The
percentage of oxygen and fixed carbon was determined by calculation.

Table 1. Proximal and elemental analysis of input material (rubber granulate mixture from various scrap tires of cars, trucks and
bicycles, as received.

Analysis Unit Value + Standard Deviation

C wt% 79.65 +0.316

H wt% 7.34 £0.089

N wt% 0.43 +0.009

S wt% 2.28 +£0.044
O (calculated) wt% 1.90

Water Content wt% 0.61 £0.061

Ash Content wt% 7.79 £0.21

Volatiles wt% 57.27

Fixed Carbon (calculated) wt% 3433 +£1.04

3.2. Preliminary Study in Laboratory Scale

To study the basic degradation of the rubber granules under inert conditions, four TGA curves were recorded at
different heating rates (2, 5, 10, 15 K/min). Figure 4 shows the average values for each heating rate. It can be noted that
there is almost no mass loss above T > 600 °C. Since the study focuses on rCB, this suggests that the pyrolysis and,
thus, the coke formation process is complete. Consistent with previously published experimental results [48—50], it is
also observed that the degradation reactions shift to higher temperatures as the heating rate increases. The solid pyrolysis
residue obtained was 33.84 wt% at a heating rate of 2 K/min, 36.74 wt% at 5 K/min, 32.99 wt% at 10 K/min and 33.79
wt% at 15 K/min. Despite extensive homogenization of the rubber granules, the variations in the solid yields can be
attributed to the different compositions of the scrap tires tested, particularly their fillers, and the small amount of TGA
sample (few milligrams).
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Figure 4. (a) TGA curves and (b) DTG curves of waste tire rubber granulate at different heating rates (2, 5, 10 and 15 K/min).

DTG curves (Figure 4b) show that mass degradation during scrap tire pyrolysis occurs in a temperature range of
200-600 °C. The bimodal degradation is in good agreement with previously published literature results, although
trimodal distributions are also described in some cases, depending on the level of detail [47-49,51-56]. It can be
summarized in two main zones: in the range of about 200—400 °C, mainly oils, plasticizers and natural rubber are de-
graded, while in the range of about 400-500 °C, the degradation of synthetic rubber (mainly polybutadiene rubber (BR)
and styrene-butadiene rubber (SBR)) takes place.

To assess the effect of the pyrolysis temperature on the properties of the focus product, pyrolysis coke, a series of
tests were carried out in the laboratory tube furnace (batch operation) over a temperature range of 300—750 °C. The
pyrolysis temperature was increased by +50 °C for each batch, and the residue time was set at 60 min.

Figure 5a shows the distribution of pyrolysis coke and the sum of oil and gas from the laboratory study where the
focus was on pyrolysis coke only and no oil condensation was performed. While 89.38 wt% pyrolysis coke is produced
at 300 °C, the yield decreases to 37.73 wt% at 450 °C. Above 450 °C, the coke yield remains almost constant.

If scrap tire pyrolysis is operated with a focus on rCB production, however, it is not primarily the quantity but
rather the quality of the rCB produced that is important for subsequent reuse as a secondary raw material. A relevant
quality feature is the quantity of volatile content. Volatiles are formed during the thermal degradation of the rubber
polymers, whereby the organic compounds are adsorbed as impurities on the porous rCB surface [33].

Figure 5b visualizes the quality-reducing contamination of the rCB by volatile components as a function of the
pyrolysis temperature for the laboratory study. Obviously, the surface contamination of rCB by volatiles decreases
significantly with increasing temperature from 56.03 wt% at 300 °C to 3.44 wt% at 450 °C. Above 450 °C, the reduction
in volatiles decreases with a further increase in temperature, with a minimum volatile content of 1.16 wt% at the highest
temperature of 750 °C.
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Figure 5. Waste tire pyrolysis laboratory study, all values as a function of temperature: (a) distribution of pyrolysis products (gas
+ oil and coke), (b) rCB volatile content incl. standard deviation, (¢) rCB BET surface incl. standard deviation and (d) rCB ash
content incl. standard deviation.

With respect to the determination of the specific surface area, it should be noted that the rtCB samples from the 300
and 350 °C tests were so sticky that they could not be handled in the analyzer. Therefore, the BET surface area could
only be determined for all samples produced at a pyrolysis temperature of 400 °C or higher.

The surface area distribution of rCB over the pyrolysis temperature (see Figure 5¢) shows an interesting profile:
up to 500 °C, the BET surface area increases to a maximum of 79.75 m?%g and decreases as the temperature goes up,
with the rCB from the 650 °C experiment having a minimum surface area of 59.09 m?/g. Above 650 °C, the BET surface
area increases again to 60.39 m*/g at 700 °C and 61.80 m?%g at 750 °C. These values correspond to those of the CB
N5xx and N6xx series. In tire manufacturing, these CB grades are mainly used in the lower layers of the tread (base
tread) or in the substructure, inner liner and sidewall [57].

Considering the TGA studies (see Figure 4), the observed effect of the BET maximum from 400 to 650 °C can be
explained by pyrolysis, which is not yet fully completed. In this temperature range, the material, which is not yet
completely degassed, forms a rugged surface structure, which leads to higher BET values.
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The tendency for the BET surface area to increase from 650 °C can be explained by the reduced formation of
carbonaceous deposits on the rCB surface and the lower proportion of volatile components at higher temperatures.
These deposits are formed during the pyrolytic decomposition of the long elastomer chains into shorter hydrocarbons,
some of which are then deposited on the surface of the rCB and form the carbonaceous deposits (also called
“carbonaceous residues”) through polycondensation reactions [58]. This finding is consistent with previously published
results [59-61].

In general, carbonaceous deposits are undesirable because they negatively affect the surface chemistry and
morphology of the rCB. They block or deactivate active surface areas of the rCB [35,62] and smooth the structure of
the initially rough surface [63]. This is detrimental to polymer-filler adhesion during reuse in rubber compounds.

The interaction between rCB and polymers and thus the use of rCB in new rubber compounds is limited not only
by the carbonaceous deposits on the rCB surface, but also by the high ash content compared to conventional industrial
CBs [64]. Therefore, the laboratory study also investigated the ash content of rCB as a function of pyrolysis temperature.
The results are shown in Figure 5d.

Upon completion of pyrolysis, the rCB samples have an ash content >20wt% even when the temperature is further
increased to 750 °C. This compares to an ash content of less than 0.5wt% for CBs commonly used in tire production
[65]. The high ash content in rCB is due to the inorganic elements, including silicon, zinc and calcium, which act as
reinforcing or activating substances for cross-linking in the form of silica, ZnO and CaCQOs3 during tire production [62].
Sulfur is also present in rCB, which originally served as a cross-linking agent in the tire compound. The inorganic
components in the rubber granules of the scrap tires cannot be removed during the pyrolysis process [66] and therefore
remain as impurities in the rCB. Since the exact proportion and composition of the ash depend on the individual
formulations of the pyrolyzed scrap tires [64], the ash content in the rCB is somewhat variable. In any case, the ash
blocks access to the internal pores, resulting in a low surface area, a reduction in active sites, and consequently impaired
interaction in polymer bonding [62].

Evaluation of the initial laboratory test series indicates that a pyrolysis temperature range of 600 to 650 °C is well
suited for achieving high coke yield and quality. However, since industrial tire pyrolysis also aims to produce oil as a
product, additional experiments were conducted at these two temperatures. In these experiments, the pyrolysis gas was
cooled through a condensation unit to recover oil, resulting in a product distribution of 37.52wt% oil and 24.07wt%
permanent gas at 600 °C and 37.41wt% oil and 23.90wt% permanent gas at 650 °C. The product distribution from these
experiments is visualized in Figure S3. It should be noted that, due to the reactor design, non-isothermal conditions
were applied in these tests. Therefore, it is expected that conducting the process under isothermal conditions, where the
sample is rapidly heated to the target temperature, would result in slightly higher oil yields.

3.3. Analysis of rCB Produced in Rotary Kiln and Comparison with Other rCBs as Well as Industrial CBs

The upscaling experiments to a semi-industrial rotary kiln, based on the laboratory study in Section 3.2, were
conducted at 650 °C with a 60 min residue time. With a horizontal inclination of 2°, the kiln rotated at 2.0 rpm and was
fed with 8.9 kg/h of rubber granules. In terms of mass balance, the coke yield was 39.11wt%, correlating well with the
rCB yield from the laboratory study. Additionally, the oil yield, determined via the bypass condensation unit, was
38.62wt%, resulting in a permanent gas yield of 22.27wt% by difference (see Figure S4). For the gas composition, see
Table S3. The measured energy consumption for the kiln operation was 1.3 kWh per kilogram of processed rubber
granules, providing a first reference for future environmental investigations such as LCA. All process details for the
semi-industrial experiments can be found in Table S2.

The analysis of seven industrial CB grades (see Table 2a) serves as a reference for the rCB measurements (see
Table 2b). To cover a wide range of carbon blacks, the low reinforcing carbon black N990, three medium reinforcing
blacks (N660, N550 and N539) and the higher reinforcing grades N330 and N234 were selected for the investigations.
In addition, a high structural CB from the N500 series, designated HS-25, was also tested.
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Table 2. Analysis of (a) CB as a reference and analysis of (b) rCB types.

(a) Analysis CB Unit N234 N330 N539 N550 N660 N990 HS-25
Particle size (D97) um 1.9 2 2.5 2.7 3.1 5.2 1.7
C wt% 99.1 98.4 98.9 98.9 98.6 99.3 98.9
H wt% 0.2 0.4 0.2 0.2 0.2 0.1 0.2
N wt% 0.2 0.4 0.3 0.3 0.2 0.0 0.3
S wt% 0.1 0.5 0.5 0.5 0.7 0.1 0.5
BET m?%/g 113.9 76.5 41.4 38.8 33.7 9.00 29.1
OAN cm?/100 g 123.7 99 111.3 118.5 85.5 38.6 121.3
COAN cm?/100 g 99.1 90.3 79.5 86.6 73.3 36.1 81.7
Void Volume cm®/100 g 68.7 58.5 58 56 48.5 25.8 58.3
Volatiles wt% 3.5 2.6 0.7 1.5 0.7 0.2 0.7
Ash (muffle furnace) wt% 0.4 0.3 0.1 0.1 0.3 0.5 0.1
Ash (TGA) wt% 0.8 0.8 0.7 0.1 1.8 0.8 0
(b) Analysis rCB Unit rCB1 rCB2 rCB3 GP BG
Particle size (D97) pm 6.3 11.8 13.1 11.3 13.6
C wt% 74.5 78.7 76.8 - 57.7
H wt% 0.9 0.6 0.6 - 1.6
N wt% 0.3 0.3 0.3 - 0.5
S wt% 1.3 3.1 2.9 - 0.1
BET m?%/g 65.0 69.0 57.5 N/A* N/A*
OAN cm?/100 g 85.5 81.4 92.7 N/A* N/A*
COAN cm?/100 g 76.0 79.1 81.7 N/A* N/A*
Void Volume cm?/100 g 50.2 50.2 53.7 18.3 34
Volatiles wt% 1.9 2.7 4.5 31.8 8.9
Ash (muffle furnace) wt% 15.9 17.1 19.3 33.4 354
Ash (TGA) wt% 15.4 17.8 21.1 33.2 34.5

N/A*: Not analyzable with selected method.

As an additional comparison to the rCB1 from the rotary kiln, the measurement results of two other rCB types
from industrial waste tire pyrolysis (rCB2 and rCB3) and the experimental materials GP and BG are summarized in
Table 2b. It should be noted that the milling process was performed outside of the project study; therefore, the milling
type may differ for the rCB types. This has a correspondingly large influence on the particle size distribution obtained
and the corresponding specific surface area.

The analysis results of the different materials show that all CBs have a high carbon content and low nitrogen, sulfur
and hydrogen content compared to rCB. The ash content of the industrial CBs is correspondingly low (<1.0 wt%). In
contrast, rCBs have a carbon content of only 57.7-78.7 wt% and a higher content of hydrogen, nitrogen and sulfur. The
ash content is also significantly higher in all three rCB samples (between 15.4-21.1 wt%). The reasonable idea of
comparing the ash-free pyrolysis coke with the composition of CB shows that the differences are significantly smaller.
Although the increased ash content of rCB is not solely responsible for the differences in quality compared to CB, initial
approaches to remove the ash [67-70] appear to be very useful. The importance of this methodology will be discussed
again in conclusion.

With 33.2 wt% and 34.5 wt%, the experimental materials GP and BG show an even higher ash content than the
rCB samples from the scrap tire pyrolysis. Because the GP material is an experimental process development product,
its ash content mainly contains iron and copper from the burnt gas pyrolysis electrodes. As far as possible, the
characteristics of the GP sample were determined. To protect the analyzer, elemental analysis was not performed on the
GP material because of the high content of aromatic compounds and sulfur (yellow discoloration of the sample vessel
and strong acrid smell). TGA was used to determine the volatile content at 31.8 wt%. Due to the process-related high
ash content and high surface contamination, this batch’s GP sample material is unsuitable as an alternative filler in
elastomer products. The same applies to the BG material sample.

The mineral content of the rCBs, which severely limits the reinforcing potential compared to the industrial CBs
for use in elastomers, was further investigated by SEM and elemental analysis (EDX). Silicon, zinc, sulfur and calcium,
as well as small amounts of aluminum, magnesium and potassium, were detected in the three rCB samples (see Figure
S5). Their origin, as described above, is due to individual original tire compound formulations. The other metallic
components detected are likely to have entered the pyrolysis coke via the scrap tire fractions through contamination or
abrasion. Zinc and small amounts of silicon were detected in the BG material sample (see Figure S5). The origin of
these trace elements is probably due to the soils from which the sugarcane absorbs them during plant growth. Overall,
the EDX analysis of the ashes showed that the mineral content of the rCB is derived from the scrap tire formulations,
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as expected. However, this analysis also contributes to a better understanding of the ash composition in order to develop
separation processes to optimize rCB quality.

The carbon black samples were also examined microscopically by SEM at 5000% and 10,000x magnifications (see
Figure 6). The spherical primary particles, aggregates and agglomerates of N660 are clearly visible. There is little
difference between CB N660 and rCB2 at 5000x magnification. However, coarser particles can be seen in the
background of rCB1. At a magnification of 10,000 a corresponding network of “sintered” structures can be seen on the
particles. Images of rCB3 are very similar and are not shown here for simplicity. Similar to the rCB sample, the GP
material has a coarser appearance than the CB sample and has a platelet-like structure with smaller particles deposited
on top. In this comparison, the BG sample shows the largest particles and is clearly distinguishable in appearance from
the other materials. In addition to the distinct size difference, the BG surface is relatively smooth and coherent. At
5000% magnification, spherical structures can be seen below the surface, and at 10,000 magnification, individual
smaller particles can be identified.

5.00pm

Figure 6. SEM images with 5000x and 10,000x magnification of CB N660 and the ashed samples rCB1, rCB2, GP and BG.

As described in Section 2.3, the surface activity of the carbon blacks is determined by BET analysis. When used
in an elastomer compound, the specific surface area influences the filler-filler and filler-polymer interactions. This in
turn, influences, for example, the tensile strength, elongation at break and abrasion resistance of the resulting elastomer
products [71]. The BET surface area of rCB2 (69 m?%/g) is comparable to the highly reinforcing CB N330 (76 m?/g) or
the N300 series (70-99 m*g) and rCB1 (65 m*g) and rCB3 (57.5 m%/g) are similar to the highly reinforcing N400
series (50-69 m%g). No reliable statement can be made for the BG sample using the BET method. A rough qualitative
classification of the BET surface area of the rCBs compared to ASTM D1765-23b standardized CBs can be found in Figure
S6.

The carbon black structure, which provides information about the arrangement of the primary particles and their
aggregate formation, has a significant influence on the dispersion and the stress at 300% elongation when used in new
elastomers [71]. In this respect, the rCB samples show values comparable to a medium reinforcing CB N660 with a
slight tendency towards a CB N550. The OAN values of the rCBs (rCB1 = 85.5 cm*/100 g; rCB2 = 81.4 cm*/100 g;
rCB3 =92.7 cm?/100 g) are comparable to the OAN of the virgin CB grade N660 with 85.5 cm?/100 g. For the COAN,
the values of the rCBs (rCB1 = 76 cm?*/100 g; rCB2 = 79.1 cm?/100 g; rCB3 = 81.7 cm?/100 g) are between those of
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CB N660 with 73.3 cm*/100 g and CB N550 with 86.6 cm?®/100 g. This is also true for the VV measurement, which
shows the same tendency. Since the torques required by the relevant standards were not reached, the OAN and COAN
curves could not be recorded for GB and BG. In this case, the analysis method would have to be adapted. However, the
measurements would then be out of the standard and no longer comparable with the data already available. Alternatively,
the VV can be specified for these materials. With a VV of 18.3 cm?/100 g for the GP sample and 34.0 cm*/100 g for
the BG sample, these materials are more comparable to the less reinforcing carbon black N990.

Particle size analysis shows that rCB2 and rCB3 as well as GP and BG, are significantly larger than the CBs. The
D97 particle size of the recycled materials is between 11.3—13.6 um, while that of the industrial CBs is between 1.7—
5.2 um. Since the recycled materials were all provided by industrial partners, there is no precise information on the type
of milling. The exception is rCB1, which was processed in a laboratory jet mill. However, experience has shown that
milling technology significantly influences particle size and structure and should, therefore, be considered separately in
further investigations.

Overall, the analyses indicate that the rCB samples have the potential to replace medium reinforcing CBs of the
N5xx and 6xx series. This suggests that they could be used in various elastomer applications such as technical rubber
goods (e.g., seals, profiles, vibration technology) or in tire production, particularly in the sidewall and inner liner. Future
studies should explore this potential in more detail. In subsequent experiments, the rCBs will be incorporated into butyl
and nitrile rubber-based elastomer compounds to evaluate their actual in-rubber properties and, thus, their actual
potential as a replacement for conventional CBs.

4. Conclusions

The increasing volume of scrap tires and the discontinuation of established disposal routes require the development
of innovative recycling alternatives. Pyrolysis, which involves the thermochemical decomposition of mechanically
prepared rubber granules from scrap tires, is considered a viable solution. While gas and oil are already used in the
pyrolysis products, the application of the solid pyrolysis residue rCB still needs to be developed.

This study presents a fundamental investigation of rCBs from waste tire pyrolysis at both laboratory and semi-
industrial scales. The key findings can be summarized as follows:

e At atemperature of 650 °C and a residence time of 60 min, the best rCB quality was produced both qualitatively
and quantitatively. These parameters were then used for upscaling experiments in a semi-industrial rotary kiln with
a material feed rate of 8.9 kg/h. Both the rCB yield, with 39.11 wt% in the rotary kiln and 38.69 wt% in the lab
test, and the oil yield, with 38.62 wt% in the rotary kiln and 37.41 wt% in the lab scale, showed a good correlation.

e All rCB samples produced showed significant differences from conventional CB, particularly in the form of
increased ash content, reduced carbon content and increased volatile content. This finding also applies to two other
industry-provided rCBs, as well as the experimental materials GP (carbon black from gas pyrolysis) and BG
(bagasse from sugar beet production).

e  The minerals contained in rCBs were found to be mainly silicon, zinc, sulfur and calcium, with small amounts of
aluminum, magnesium and potassium (see Figure S5). The origin of these elements is essentially due to the components
of the tire compounds, with any differences due to the individual rubber compounds of the tire manufacturers.

e In addition, it can be assumed that carbonaceous residues from polymer fragments, so-called “carbonaceous
deposits”, are formed during the pyrolysis process. These deposits accumulate on the surface of the rCB and
negatively influence it by blocking active sites [63]. As a result, rCBs from scrap tire pyrolysis are less active than
conventional CB, which is selectively produced and free of impurities.

One solution to these problems could be demineralization or further activation of rCB. Initial studies show that the
activation of rCB, usually with steam or CO,, in a thermal post-treatment step can reduce some of the carbonaceous
deposits and volatile components on the rCB surface and thus improve the rCB quality [54,72]. Similarly, demineralization
of rCB with acid treatment [69,70] also results in a reduction of ash content and thus improved rCB properties.

In general, the methods commonly used to characterize CBs were able to provide a good characterization of rCBs
with appropriate sample preparation. However, it should be noted that there are still no conclusive plausibility studies
and standardizations for rCB for some methods. This is particularly true for BET surface area, OAN, COAN and particle
size analysis. The measurements carried out have also shown that not all tests are possible for all rCB types. For example,
OAN and BET could not be determined for the GP and BG samples. It is, therefore, necessary to wait for the extension
of the standardization specific to rCBs, which the ASTM D36 standards committee is currently working on.
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In addition to the use of consistent analytical standards, it is also advisable to use the same methodology for full
comparability of different rCB types and studies. This should consider all possible influencing factors (see Figure 7), including:

e  mechanical processing of the scrap tires

e  pyrolysis feedstock mix

e  pyrolysis technology and process parameters

e raw rCB milling as well as any post-treatment processes
e 1CB pelletizing

The present investigation has shown that even variations in a single process element (in this case, different or
unknown milling techniques) do not allow for fully reliable comparability. On the other hand, this shows the potential
to influence the product properties by appropriate milling.

. . Pyrolysis Raw rCB
Mechanical Input 1]111)(. for technology milling/ post 1fC_B_
processing PYTOTysIS and process treatment pelletizing

I
Influencing factors to be considered in rCB investigations

(2 data basis for environmental evaluation)

Life Cycle Assessment (LCA) >

Figure 7. Proposed framework for the holistic evaluation of rCB produced from waste tire pyrolysis.

Considering the increasing global demand for CB and the limited fossil resources used for this purpose, pyrolysis
and especially the (partial) substitution of CB by rCB seems to be a worthwhile approach. Although the current state of
the art does not allow the production of a fully equivalent CB substitute with a variable input mix of rubber granules
from scrap tyres, there are already first approaches to further improve the quality of rCB by post-treatment (activation
and demineralization) [64]. Such rCB post-treatment technologies could play a crucial role in the future scale-up of
commercial rCB production from scrap tire pyrolysis.

Finally, it should be emphasized that while the characterization of rCB and its comparison with CB references
provide initial trends, they alone do not determine the suitability of rCB as a secondary raw material. Therefore, it is
essential to incorporate rCB into new rubber compounds and evaluate their final performance, which is critical for
industrial applications. In follow-up studies, rCB will be used in butyl and nitrile rubber-based elastomers, with results
to be reported separately. In addition to technical feasibility, the ecological perspective must also be considered to assess
whether tire pyrolysis offers environmental advantages over other recycling methods and whether rCB is more
environmentally beneficial than conventional CB. The data collected, including mass balance, educt and product
composition as well as process data from the rotary kiln operations, will form the basis for a future detailed and
published LCA.
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The following supporting information can be found at: https://www.sciepublish.com/article/pii/517, Figure S1.
Photo of the semi-industrial rotary kiln reactor at the metabolon institute of TH Koln (Lindlar, Germany); Figure S2.
Sieve analysis curve of input material (rubber granulate mixture from various scrap tires of cars, trucks and bicycles, as
received); Figure S3. Laboratory experiments on waste tire pyrolysis (rubber granulate mixture from various scrap tires
of cars, trucks and bicycles): distribution of pyrolysis products (coke, oil and permanent gas) at 600 and 650 °C pyrolysis
temperature; Figure S4. Experiments on waste tire pyrolysis (rubber granulate mixture from various scrap tires of cars,
trucks and bicycles) in semi-industrial rotary kiln: distribution of pyrolysis products (coke, oil and permanent gas) at
650 °C pyrolysis temperature; Figure S5. Elemental analysis (EDX) using SEM of the ashed samples rCB1, rCB2, rCB3
and BG; Figure S6. Rough qualitative classification of the BET surface area of rCBs compared to ASTM D1765-23b
standardized CBs; Table S1. Particle size distribution of input material (rubber granulate mixture from various scrap
tires of cars, trucks and bicycles, as received); Table S2. Process parameters for experiments on waste tire pyrolysis
(Rubber Granulate (RG) mixture from various scrap tires of cars, trucks and bicycles) in semi-industrial rotary kiln at



Advanced Materials & Sustainable Manufacturing 2025, 2, 10007 14 of 17

650 °C pyrolysis temperature; Table S3. Permanent gas composition for experiments on waste tire pyrolysis (rubber
granulate mixture from various scrap tires of cars, trucks and bicycles) in semi-industrial rotary kiln at 650 °C pyrolysis
temperature.
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