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This review was conducted to assess and provide insights into various methods of carbon black production for
use as rubber reinforcement in tyre applications. Journal screening was conducted using the Web of Science
database to identify relevant publications and information on carbon black in tyre applications. The analysis
covers the number of yearly publications, the countries involved in co-authorship, and keyword co-occurrence
related to this topic. This review includes the topic of carbon black production and highlights a literature study
on different grades of carbon black and their characteristics used in tyres, such as particle size and surface
area. An alternative method for producing carbon black derived from spent tyres is described in this review,
focusing on a cyclical process of utilizing and manufacturing carbon black from spent tyres as a potential source
of feedstock. This review aims to provide insights into the utilization of various carbon blacks with different
properties as rubber reinforcement. The recovery of carbon black from spent tyres could offer a sustainable
alternative for its production and utilization.

1. Introduction

Carbon black is a well-known material that is predominantly composed of carbon elements and is commonly
produced via thermal decomposition or partial combustion of fossil fuel-based compounds. Owing to its
availability and low cost, carbon black has been extensively employed as a filler in various industrial applications,
such as paint, plastic, elastomer, and rubber. The incorporation of carbon black as an additive enhances the
mechanical strength, optical, and electrical characteristics of the materials to meet the standardized product
market requirements (Okoye et al., 2021). Focusing on tyre manufacturing, carbon black acts as a reinforcing
filler in rubber to promote durability (i.e., abrasion, tensile strength, and tear resistance) and performance of the
end product (Costa et al., 2022). This makes carbon black indispensable for high-quality tyre production, in
addition to meeting the demands of modern vehicles globally.

The publication landscape related to carbon black as a rubber reinforcement shows a substantial increase,
reflecting the interest of many researchers. It is driven by the current environmental concern regarding
conventional carbon black production. As a promising source, spent tyres are considered a suitable candidate
for fossil fuel-based feedstock replacement. The recovery of carbon black from spent tyres provides a more
sustainable approach (Jiang et al., 2023). This potential approach requires more attention from researchers,
where more efforts need to be taken to maximize carbon black production and achieve comparable properties
to ASTM-grade carbon black using more efficient processes.
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This article analyzes publications related to carbon black in tyre applications. The literature on carbon black
production and its characteristics used in tyres is summarized. Important characteristics like the particle size
and surface area of various carbon blacks used in tyre applications are discussed in this paper. Finally, this
article also includes a summary of available alternatives for reproducing carbon black from spent tyres.

2. Analysis of research publications on carbon black in tyre applications

Literature screening was conducted by collecting the database from the Web of Science platform in the search
field "topic" using the search terms “carbon black” AND (“tyre” OR *“tire”). Until 2022, the number of publications
from the WOS database related to the keyword search was 854 documents. However, the number of documents
decreased to 508 after the refinement process related to carbon black in tyre applications. From this number,
about 51 % of the publications are related to carbon black used in tyres, while the remaining 49 % refers to the
publications on the recovery of carbon black from tyres. Figure 1 shows the trend of published documents
between 1970 and 2022 and the countries with international collaborators contributing to the publications. The
graph did not show a significant interest in publication numbers from 1970 to 2017 but showed an increasing
number of publications after 2018 until 2022. The study on carbon black in tyre applications has shown more
interest due to the high carbon black generation. According to EImaghraby et al. (2024), about 107 t of global
production of carbon black in 2005 involved various production processes, such as thermal decomposition of
natural gas, decomposition of acetylene, impingement, oil-furnace, and lamp black. Carbon black production
includes sustainable alternatives to produce carbon black from spent tyres and reuse the carbon black. The
latest publication conducted high-temperature pyrolysis of spent tyres to develop high-quality carbon black
(Jiang et al., 2023).
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Figure 1: Trends of annual publications (until 2022) and visualization of countries co-authorship collaboration
map (minimum number of three documents) from VOSviewer (until 2022) on carbon black in tyre applications

The increase in publication numbers is related to the contribution of researchers from various countries with
their international collaboration partners on the publications. Researchers from several countries (Figure 1), as
observed from the collaboration map of countries, are actively involved in research related to carbon black in
tyre applications. The map shows several clusters that indicate the main contributors and their connections with
other clusters. The pink cluster has high connections with the red, blue, purple, green, yellow, grey, and orange
clusters. The USA (11 links), China (10 links), England (10 links), France (9 links), Germany (9 links), Spain (7
links), Netherlands (7 links), and India (6 links) show a high number of collaborations due to their extensive
networks. China has the highest number of publications (88 documents) as compared to the USA (72
documents), India (40 documents), Spain (38 documents), South Korea (35 documents), and Germany (34
documents). Other countries have reported less than five collaboration countries and fewer than 30 documents
published. The increasing research work on carbon black in tyre applications could increase international
research collaboration to transfer knowledge and use technology across countries. The high publication
numbers observed for China and the USA in this research have resulted in high citation numbers of 1,895 and
1,608 citations, respectively. Interestingly, Spain has the highest citation numbers (2,539 citations) with only 38
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documents published, indicating good collaboration with prolific countries. The number of research publications
and citations can be enhanced through collaborations with other countries, especially the most prolific countries.
Figure 2 shows the visualization network map from the VOSviewer network on the keyword co-occurrence
related to this research topic. Six clusters with different colors of blue, red, green, yellow, light blue, and purple
were identified in the visual map, with three main clusters (blue, red, and green) showing high network
connections. The term “carbon black” is the main keyword map and is grouped in the blue cluster that contains
a total of nine other keywords. This cluster presents the connection of carbon black as an additive material for
tyre and rubber composite structures, and the main pyrolysis process involves producing carbon black,
especially from waste tyres (Jiang et al., 2023). The red and green clusters are closely related to each other,
focusing on the rubber material and composites involving carbon black. The connection of carbon black with
rubber (red cluster) can be related to the preparation of rubber composites. The topic of recycling explains the
recycling of rubber material or waste tyres through pyrolysis to reproduce carbon black (Thonglhueng et al.,
2022). Other topics from both red and green clusters are related to material properties and morphology. The
yellow cluster represents additional research on waste management, such as waste tyres and the circular
economy, which involves the recycling of waste tyres and the production of carbon black. Based on the latest
literature, the main research related to the topic involves carbon black production from various sources, including
waste tyres and the utilization of carbon black as an additive in rubber composites, including for tyre applications.
Highly cited publications have been reported over the past decades on the advantages of vacuum pyrolysis of
spent tyres to derive valuable products, pyrolysis oil, and carbon black (Roy et al., 1999). In 2017, a study of
spent truck tyre was performed via flash pyrolysis in a conical spouted bed reactor, mainly producing oil products
with other gaseous and carbon products (Lopez et al., 2017). The work on carbon black from the pyrolysis of
spent tyres, followed by the demineralization step, had attracted much attention, where the recovered carbon
was used in styrene-butadiene rubber formulations (Martinez et al., 2019). Considerable effort has been made
to utilize and recycle carbon black from waste tyres. The alternative processes used will result in different
percentages of production of oil, carbon, and gaseous products. Significant progress in the devulcanization of
waste tyres via the microwave process was observed and reported to mainly produce carbon black (De Sousa
etal., 2017).
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Figure 2: Keyword co-occurrence network visualization map (minimum number of occurrences: 5) of WOS
database via VOSviewer on carbon black research in tyre applications

3. Carbon black production

In the last few decades, the manufacturing of carbon black has been known through two main processes:
thermal decomposition of hydrocarbons (with or without oxygen) and thermal oxidation (partial combustion)
(Kuhner and Voll, 2018). Different processes for carbon production affect the properties of the carbon black
produced. In 1872, the channel process was first implemented commercially for carbon black production in the
USA (Wang et al., 2003). This process was the primary method for producing carbon black, which was used for
rubber and pigment applications globally. Several factors led to its decline in the USA, and it was eventually
abandoned in 1976. Among the factors include the increasing price of natural gas, increased carbon footprint,
low desired product yield, and the swift progress of the furnace-process grades of carbon black (Kiihner and
Voll, 2018). Thermal black is a thermal decomposition process carried out in a closed system without the
presence of oxygen (Kihner and Voll, 2018). Natural gas is the most used feedstock, although higher-grade
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hydrocarbon oils are also used. Replacing natural gas with acetylene in the thermal decomposition process can
produce carbon black through thermal decomposition (exothermic reaction of acetylene) in a closed reactor.
Most carbon black produced are furnace blacks, with a few others being thermal and acetylene blacks. Other
types of carbon black have been phased out due to their less economical or environmentally friendly production
(Khodabakhshi et al., 2020). The furnace process has become the predominant method of carbon black
production. In the USA, the use of the gas-furnace method to produce carbon black commenced in 1922,
followed by the oil-furnace method in 1943 (Wang et al., 2003). There are many exciting research opportunities
in promoting more technological advancement production of carbon black for tyre applications in the future. The
utilization of renewable feedstocks (e.g., biomass, plant and other wastes) are increasingly focused to replace
conventional resources plus aiming to minimize the environmental footprint of the production process. Novel
carbon black productions such as plasma (Fulcheri et al., 2023) or microwave radiation (Jankovska et al., 2024),
are among the emerging technologies that are recently being explored to further enhance carbon black yield
and quality. This aligns with the broadening demand for carbon black with greener industrial production.

3.1 Carbon black and its properties as rubber reinforcement

Table 1 shows various grades of carbon black that have been utilized in tyre applications. Several key properties
including particle size and surface area have been used as reference grades to suit the specific application of
the carbon produced. The change in particle size and surface area (different grades) of carbon black leads to
different uses of carbon black. Bokobza (2023) stated that a decrease in the particle size of carbon black can
improve the dispersion ability in rubber compounds, which enhances interface extension and performance. As
observed, carbon black with grades from N110 to N339 can be used for transportation tyres through the mixing
as rubber composite and also used for other composite materials. Small particle size and large surface area
give advantages for carbon distribution in the rubber mixing process to enhance the properties. The increase in
particle size reduces the surface area. This situation can be observed for carbon black with grades from N550
to N990, where tyre applications are limited to other rubber good products, inner liner, casing, tyre sidewalls,
and coating. The current practice suggests that ASTM D3849-19 and ASTM 6556-21 are used to obtain
standard results for the particle size and surface area of carbon black.

3.2 Carbon black manufacturing from spent tyres

In carbon black manufacturing, waste tyres are considered another viable source that can address the disposal
issues of end-of-life tyres and simultaneously minimize the exploitation of fuel-based resources. Pyrolysis has
become a favorable thermochemical process in the conversion of spent tyres to carbon black, which is the
primary by-product of the process. This method offers better energy operational efficiency and a cleaner
alternative, producing lower hazardous pollutants (i.e., SO2 and NOx) compared to conventional incineration
(Costa et al., 2022). Pyrolysis is carried out in a closed vessel, where the emissions associated with combustion
are not present; furthermore, the method allows valuable components to be recovered (e.g., pyrolysis oil and
gas), adding more merit to the process (Malise et al., 2020). As reported by Tian et al. (2021), pyrolysis was
conducted at 450 °C with a ramp of 60 K/h in the furnace, yielding up to 35.1 % of carbon black. From the
ultimate analysis, C was the main component (82.02 wt.%) of the product, with relatively low H and N (0.84 and
0.37 wt.%, respectively) and slightly high S (2.24 wt.%), mainly due to the vulcanization process during tyre
manufacturing. The high ash content of the produced carbon black was recorded at 19.6 %, which might be
from the inorganic filler in the tyres and the use of chemicals throughout the waste tyre treatment process. The
nitrogen surface area multipoint (52.9 x 10% m?/kg) is parallel to N110, N550, and N660, indicating the uniform
particle size of carbon black. Cardona-Uribe et al. (2021) carried out industrial-scale pyrolysis (10 tons per batch
of untreated feedstock) using a rotary kiln. The conditions of the reactor were approximately 400 °C and 9 h of
residence time. About 35 wt.% carbon black was acquired, with the remaining components consisting of oil,
gas, and steel. The application of hydrochloric acid and nitric acid (5 M concentration) for deashing successfully
reduced the ash from 13.43 wt.% to 6.12-5.12 wt.%. Based on ASTM D6556, the main characterization of the
samples, such as Sget (39—40 m?/g) and statistical thickness surface area (36—-35 m?/g) implies the accessibility
to rubber molecules. The use of the latest method for surface area measurement by ASTM 6556-21 suggests
to alignment with the current standard of carbon black. Jiang et al. (2023) performed high-temperature pyrolysis
of spent tyres at 1,000-1,300 °C for different residence times. The process yielded 10—27 % carbon black at 2—
4 s residence time with mean particle diameters of 61-102 nm.

Another report was presented by Okoye et al. (2022), where the liquid product of spent tyre pyrolysis identified
as pyrolysis oil was transformed into carbon black via partial oxidation. The pyrolysis oil was selected due to its
similar properties to liquid fossil fuels (e.g., density, kinematic viscosity, heating value, and S/C/H contents) and
a higher carbon product was obtained compared to pyrolyzed char. The carbon black produced exhibited
relatively high C content (90.5-98.6 %) with less than 2 % of O, S, Si, and H components. The Sger and mean
primary particle size improved from 4 to 22 m?/g and 92 to 176 nm, respectively, with increased oxygen
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concentration and reaction temperature. The obtained results were correlative to fossil fuel-based carbon black.
A similar approach was done by Okoye et al. (2021), where the partial oxidation of pyrolysis oil obtained from
spent tyres was conducted at 1,350 °C and yielded 60 % carbon black. From the characterization, the carbon
black has a high C content of approximately 94—99 %, low volatile components (<6.1 %), low ash content (<0.1
%), and moderate Sget (11-24.2 m?/g). The authors highlight that the impact of higher reaction temperatures

up to 1,350 °C can induce a higher carbon black yield at optimum retention time and oxygen concentration.

Table 1: Carbon black properties used in tyre applications

Ash
ASTM PPS SeeT
Type 2 Content Uses Ref.

Grade (nm)  (m23/g) (Wt.%)

N110 FB 15-18 124-130 - Utilized in tyre products that require (Bera et al.,
exceptional abrasion resistance. 2019)

N134 FB 20-25 145 - High-quality tread designed for passenger, (Threepopnatkul
bus, and truck tyres. et al., 2006)

N220 FB 20-25 112-115 <0.5 Tread for both truck and passenger tyres. (Beraetal., 2019)

N234 FB 24-33 125 <0.5 Has high reinforcement.  Numerous (Threepopnatkul
applications including truck tread. et al., 2006)

N326 FB - 78 <0.5 Use in common, off-road, and industrial (IARC, 2010)
tyres, belts, and cushion rubber.

N330 FB 28-36 76-80 <0.5 Tyre tread, carcass, and sidewall (Beraetal., 2019,
compounds for bicycle, passenger, and Lietal., 2008)
truck tyres and rubber goods.

N339 FB 28-36 95 <0.75 Passenger tyre treads, conveyor belts, tyre (Threepopnatkul
body compounds, and motor mounts. et al., 2006)

N375 FB - 93 <0.5 Applicable in rubber products, ink, plastics, (IARC, 2010)
passenger tyre treads, truck tyres, conveyor
belts, tyre sidewalls, and coatings.

N550 FB 39-55 39-41 <0.5 Rubber goods, inner liners, carcasses, tyre (Beraetal., 2019,
sidewalls, and extruded products Li et al., 2008)

N660 FB 56-70 34-36 <05 Employed in rubber molding and extruded (Beraetal.,2019)
products, inner liners, sidewalls, sealing
rings, and cable casings for tyres.

N770 FB 71-96 31-32 - Utilized in tyre inner liners and rubber (Beraetal., 2019,
products. Li et al., 2008)

N990 TB 250- 7-9 - Tyre inner liners, mechanical goods, and (Beraetal.,2019)

350 plastic and rubber products, including

footwear, wire insulation, belts, and hoses.
PPS: Primary particle size, Sget: BET surface area, FB: Furnace black, TB: Thermal black

4. Conclusions

Based on the review, more research work related to carbon black in tyre applications can be conducted as the
trend of publication has increased since 2018. Carbon black derived from spent tyres has attracted more
attention in managing the waste produced and reusing carbon black for rubber reinforcement in tyres. Various
ranges of particle sizes and surface areas provide different carbon black grades for tyre applications. The
pyrolysis of spent tyres shows that the process can produce carbon black, as well as pyrolysis oil and gas.
Pyrolysis oil can be potentially converted to carbon black products via partial oxidation. Some of the properties
of carbon black produced from spent tyres, such as the surface area, are parallel with some of ASTM-grade
carbon black, but the particle size of carbon black is of more concern for better dispersion in rubber compounds.
Microwave technology has been used for the pyrolysis of spent tyres, and the products are mainly liquid and
gas. The integration of microwave pyrolysis and partial oxidation of the oil is required to produce carbon
products. Thermal pyrolysis of spent tyres is currently an available method for producing carbon black and
pyrolysis oil. The method and conditions of the pyrolysis of spent tyres could be further investigated to achieve
more carbon black production and develop a cleaner alternative for future implementation.
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