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ABSTRACT  

Carbon black (CB) is a carbon material produced by either thermal decomposition or partial 

oxidation of hydrocarbon-based feedstocks under controlled conditions. CB is listed as one of 

the top 50 industrial chemicals with applications as an elastomer-reinforcing agent, conductive 

filler, coating agent, dyeing agent and adsorbent for heavy metal removal, to name a few. The 

current feedstocks utilised in CB production are dominantly fossil hydrocarbon resources, 

which account for nearly 60% of the total manufacturing cost of CB. In line with the cleaner 

production principle, there has been a growing interest in the use of feedstocks from renewable 

sources and/or recycled wastes to produce CB. Spent tyres are prolific industrial wastes that 

continuously increase in number but are notoriously difficult to eliminate. Pyrolysis has been 

proposed as an effective means of utilising spent tyres to produce solid, gas and oil products 

for various applications. The spent tyre pyrolysis oil (STPO), however, contains high sulphur, 

causing an unpleasant smell, and is rich in oxygenated aromatic content, making it unstable 

and difficult to store, handle and use as a fuel. This present PhD thesis research was aimed to 

valorise STPO by beneficially converting it to carbon products, including CB and hollow 

carbon nanosphere (HCNS). The specific objectives of this research were to (i) prepare CB 

from STPO and its heavy residue fraction (HRF) by partial oxidation in a drop-tube furnace 

simulating the furnace black process, (ii) optimise the process variables, i.e., operating 

temperature, residence time and oxygen to feed ratio, using response surface methodology 

(RSM), (iii) characterise the CB products for physicochemical properties, including surface 

area, surface chemistry, and structural morphology using N2 adsorption and desorption, X-ray 

photoelectron spectroscopy (XPS) and high-resolution transmission electron microscopy 

(HRTEM) techniques, and (iv) upgrade the CB products by controlled air oxidation and 

characterise the resultant products.  
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CB was successfully prepared via partial oxidation of STPO and HRF in a drop-tube furnace 

simulating the furnace black process. The effect of operating temperature, residence time and 

oxygen concentration on the yield and quality of CB showed that higher temperatures led to 

higher yield and better quality of the resultant CB products. Increasing the temperature not only 

reduces the volatile components but also improves the nucleation condition, leading to the 

successful conversion of more oil into CB for enhanced yield and quality. Quality was also 

improved as the residence time, or oxygen concentration increased but at the expense of a 

reduction in the CB yield. The decrease in the CB yield with increasing residence time or 

oxygen concentration is attributed to an increased extent of oxidation, which enhances the 

occurrence of the Boudouard and water gas shift reactions. The improved quality of the 

resultant CB product at the expense of yield suggests the need for a trade-off in the choice of 

process variables for CB production.  

The response surface methodology (RSM) was successfully applied to studying the effect of 

process variables (i.e., the operating temperature, residence time, oxygen to feed ratio) on the 

CB yield and properties, thus optimising the process variables. The results showed that the 

temperature has the most significant influence on the CB yield and properties. Over 78% 

variation in the CB yield and quality may be attributed to the effect of operating temperature. 

While the CB yield is also strongly influenced by residence time, the CB quality, as indicated 

by C content, is instead critically determined by the temperature and oxygen to feed ratio (O/F). 

Optimal residence time and O/F were found to be similar for both feedstocks (60 s and 174, 

respectively). However, the optimal temperature was higher for HRF (1368 °C) than STPO 

(1331 °C). This is because HRF contains more viscous heavy hydrocarbons and therefore is 

more difficult to atomise, resulting in larger droplets that require more energy and time to 

evaporate before being carbonised into carbon black. Under the optimum conditions, the CB 
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yield and C content were 53.5% and 95.7% for STPO, and 55.6% and 98.3% for HRF, 

respectively.  

The CB characterisation results indicate that the CB prepared from both STPO and HRF are 

comparable to commercial CB products. The HRTEM imaging study showed that CB exhibits 

typical grape-like structures and fractal aggregates, similar to commercial CB. The CB was 

morphologically complex, with linear and branched aggregates accounting for more than 50% 

of the aggregate shape configuration regardless of the change in the process variables. 

Likewise, the large number of primary particles per CB aggregate is an indication of high 

structure that made CB dispersion easier. The mean particle diameter and BET surface area 

ranged from 92 to 202 nm, and 4 to 24.2 m2g-1, respectively, for all CB samples, comparable 

to those of Groups 7 to 9 series CB. The total C content increased as the operating temperature, 

residence time and oxygen concentration were increased at the expense of O, H, Si, and S, as 

expected. Interestingly, the hydroxyl, carbonyl, and carboxyl surface groups in CB were higher 

(42 – 69%) under all process conditions than commercial products (0 – 59%), which is a 

desirable trait for enhanced bonding and mechanical properties but typically introduced to 

commercial CB by secondary procedures. Under optimal process conditions, CB from HRF 

had a higher carboxyl oxygen functional group (at 18%) compared to CB from STPO (at ~ 

13%) and commercial CB (< 5%). 

To upgrade the prepared CB products, a simple polishing method using air oxidation under 

controlled conditions was successfully carried out, leading to the formation of abundant hollow 

carbon nanospheres (HCNS). The results showed that a higher temperature and longer 

oxidation time led to a greater burn-off. As the burn-off increased, the BET surface area and 

pore volume initially increased linearly due to the removal of the amorphous core and then 

decreased because of the collapse of the shell of the carbon nanostructure. The HRTEM 

imaging studies indicated that the change in the BET surface area corresponds to the formation 
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of the pores as the amorphous core of the CB particle was preferentially consumed in oxidation 

to create a hollow structure. The formation of pores follows an internal oxidation model, 

characterised by rapid core consumption and relatively slow shell consumption. At higher 

operating temperatures and longer oxidation time, a hollow carbon nanosphere (HCNS) was 

found, which could add more value to the products. 

The present research has resulted in new experimental data regarding the preparation and 

subsequent oxidation of CB from waste feedstocks, such as STPO and HRF. The effect of 

process conditions on the prepared CB yield and properties, as well as on the resultant oxidation 

products (HCNS), can provide a sound scientific basis and confidence for future development 

of processing technology for commercial utilisation of spent tyre pyrolysis oil as CB feedstock.  
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Chapter 1 Introduction  

1.1 Background and motivation  

Carbon black (CB) is an important industrial bulk chemical product produced from either 

thermal or thermal-oxidative processing of the hydrocarbon-based feedstock. As a material of 

nearly spherical nanoparticles, CB is predominantly used in rubber reinforcement applications 

[1,2] and has seen recent applications in sensors [3], supercapacitors [4], batteries [5], solar 

thermal collectors [6], electrodes [4] and as a porous material for thermal esterification of 

volatile fatty acids (VFAs) [7]. The current feedstocks used in CB production are 

predominantly fossil hydrocarbon resources, accounting for nearly 60% of CB manufacturing 

costs [8]. In line with the cleaner production principles [9–11], there has been a growing interest 

in the use of feedstocks from recycled wastes to produce CB [12–14].  

Spent tyres are prolific industrial wastes that continuously accumulate but are notoriously 

difficult to eliminate. The global increase in the demand for new automobiles year-on-year has 

led to an increase in the production of tyres (a major driver of the growth of the CB industry) 

and, consequently, an increase in tyres relegated to waste. The service life of a new tyre is 

limited, and while they can be re-treaded to extend their use, eventually, they must be 

discarded. More than 440,000 tonnes of spent tyres are dumped in Australia annually, of which 

over 60% are traditionally managed via landfill or stockpile [15]. Spent tyre stockpiles pose 

severe health and environmental hazards due to the inherent properties of tyres, designed to be 

non-biodegradable, highly durable, bulky, and resistant to photochemical decomposition and 

chemical reagents [16]. According to Torretta et al. [17], microorganisms would take at least 

100 years to decompose a spent tyre completely. As they are highly flammable, spent tyres in 

stockpiles can burn to release toxic, carcinogenic, and mutagenic pollutants such as polycyclic 

aromatic hydrocarbons (PAH), volatile organic compounds (VOC), CO, SOX and NOX, which 
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can lead to severe health, environmental and safety issues [18]. Contingent on decomposition 

conditions (e.g. aerobic, methanogenic and sulfidogenic), the resulting products are 

mineralised rubber compounds, carbon dioxides, hydrogen sulphate, methane, other residue 

particles, and inorganic fillers that cause air and water pollution when leached [19]. A typical 

tyre consists of rubber (synthetic and natural) and other additives, reinforcing agents, and 

fillers, including CB, hydrocarbon oils, vulcanizing agents (i.e., sulphur, zinc oxide, and 

organic peroxides), accelerators (thiazole compounds), retarders and antioxidants [20]. 

Due to a combination of economic, societal, environmental and legal factors, the burning, 

landfilling and stockpiling of spent tyres as waste management options are no longer 

encouraged [21]. Pyrolysis has been proposed as an effective means of utilising spent tyres 

producing solid/char, gas and oil products for various applications. The yield and properties of 

these products depend on the type of pyrolysis reactor, tyre and operating conditions (i.e. 

temperature, loading rate, pressure and residence time) [21,22]. For instance, using a mixture 

of tyres from trucks, tractors and passengers cars (at an average particle size of 5 mm) in an 

auger reactor operated at a temperature of 600 °C, Aylón et al. [23] reported oil, char and gas 

yields of ~18 wt %, 42 wt % and 41 wt %, respectively at a loading rate of 5 kg h-1. The char 

products can be refined and reprocessed into valuable products of high economic value, 

including activated carbon [24–26]. Reviews of these applications have included using the oil 

as feedstock for petrochemicals and solvents [26,27] and re-processing the char into adsorbents 

and additives [27,28]. The widespread utilisation or substitution of primary resources with 

pyrolysis products aligns with cleaner production principles and circular economy guidelines 

[10,11,29]. Direct use of these oil and gas pyrolysis products as a fuel source has been explored 

[30–32]. However, the spent tyre pyrolysis oil (STPO) contains high sulphur, causing an 

unpleasant smell, and is rich in oxygenated aromatic content, making it unstable and difficult 

to store, handle, and use as a fuel [31].  
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An area of high potential application for STPO, in particular, is as a feedstock for the 

production of CB, as the properties of STPO (such as density, higher heating values, kinematic 

viscosity, sulphur and C/H ratio) are very similar to conventional CB feedstocks [33]. 

Therefore, it is believed that their utilisation as feedstock in CB production will also improve 

the overall viability of the spent tyre pyrolysis process, which is still deemed uneconomical 

[31,34]. A study has shown that CB can be produced using STPO and reported that CB yield, 

BET surface area and primary particle size were consistent with commercial CB [12]. 

However, the study was only conducted at a temperature of 1100 °C, with no systematic 

investigation into the effect of process variables (e.g., temperature, residence time of the gas in 

the reactor, inlet gas oxygen concentration). In addition, the surface chemistry and structures 

of the resultant CB products were not examined [12].  

1.2 Scope and aims  

The present PhD thesis research was aimed to valorise STPO by beneficially converting it to 

carbon products, including CB and hollow carbon nanosphere (HCNS). This research will 

provide a sound scientific basis and confidence for developing future technology for 

commercial utilisation of STPO as a feedstock in CB production.  

1.3 Thesis structure  

There are eight chapters in this thesis. A schematic map of the thesis is shown in Figure 1.1, 

and the outline of each chapter is as below: 

Chapter 1 The potential use of STPO as a feedstock for CB production is discussed. The study 

scope, aims, and thesis structure is defined. 

Chapter 2 Existing knowledge on CB production technologies, CB formation mechanism, 

and conventional and renewable CB feedstocks, including STPO, is reviewed, 
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identifying the main process variables that control the CB yield and product 

properties during production. Knowledge gaps and specific objectives of the 

research are identified throughout the review.  

Chapter 3 Methodologies employed to achieve the research objectives identified in Chapter 

2 are presented. The experimental procedure using a drop tube furnace and fixed 

bed reactors is described in detail. The analysis and characterisation techniques for 

STPO and HRF feedstock and their resultant CB products, including the oxidised 

CB from these feedstocks, are also presented.  

Chapter 4  The yield and properties of CB prepared via partial oxidation of STPO are studied. 

The effect of process variables (i.e., operating temperature, residence time and 

oxygen concentration) on the yield and fundamental properties (i.e., textural, 

thermal, structural morphology and surface chemistry) of CB are discussed.  

Chapter 5 Prepared CB from HRF by partial oxidation in a simulated furnace reactor and 

demonstrated the effect of process variables on the yield and properties of CB. 

Chapter 6  Presents the influence of operating temperature, residence time, and oxygen-to-

feed ratio on CB yield and quality using response surface methodology (RSM). 

Quadratic models that fit the experimental data and optimise the process variables 

are presented to compare CB from STPO and HRF.  

Chapter 7 Studied the effect of air oxidation conditions (i.e., temperature and time) on the 

burn-off and properties of oxidised CB samples during polishing of CB made from 

STPO and HRF in a fixed bed reactor.  

Chapter 8  Results are integrated and evaluated against the specific research objectives and 

literature data. The practical implications and knowledge gaps for future research 

are discussed.  
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Chapter 9  Conclusions are drawn from the present research, and new knowledge gaps are 

recommended. 
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Figure 1.1  A schematic showing the structure of the Thesis
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Chapter 2 Literature Review 

2.1 Introduction  

This chapter provides a detailed account of the current state of knowledge of CB making using 

conventional and alternative feedstocks. It identifies where further research effort is needed, 

particularly on utilising renewable or waste recycled feedstock such as STPO. The chapter 

begins with a general overview of the fundamentals of CB, manufacturing methods, and 

formation mechanisms, followed by CB feedstocks. The status of knowledge regarding 

renewable and recycled waste feedstocks for CB production is reviewed, including comparing 

these waste feedstock properties with notable commercial CB feedstocks. The reviews further 

examined the effect of feedstocks on the yield and properties of CB. The utilisation of STPO 

as a potential feedstock for CB production is discussed extensively. This review also covers 

the so-called pyrolytic CB from spent tyre pyrolysis char, compositions and characteristics of 

STPO, and CB from STPO. Controlled air oxidation was also reviewed as an effective means 

of polishing CB to increase the BET surface area, pore volume, and surface chemistry. This 

review eventually identifies several key knowledge gaps in this area, from which the specific 

research objectives of this study are established.  

2.2 Carbon black (CB) 

CB, which consists mainly of carbon and other impurities (including O, H, N and S, depending 

on the feedstock), is produced by thermal decomposition or incomplete combustion of gaseous 

or liquid hydrocarbons under certain conditions. Due to similar gas-to-particle formation 

mechanisms, the structure and appearance of CB and soot are similar; therefore, CB is often 

mistaken for soot. CB and soot contain extractable soluble organic fraction (predominantly 

PAHs and lesser amounts of other polynuclear aromatic compounds (PNAs)) and inorganics 
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(i.e., ash or metals) [35]. Unlike soot, a generic term applied to an unwanted carbonaceous by-

product of incomplete combustion, CB is produced in specially designed reactors operating at 

a relatively high temperature ranging from 1100 to 1900 °C, considering different residence 

times and oxygen concentrations [36]. According to the International Carbon Black 

Association (ICBA), CB is one of the top 50 industrial chemicals, with a global production of 

nearly 11 million tonnes [37]. As ultrafine particles of varying primary particles and 

agglomerates sizes ranging between 10 to 500 nm and 1 to 100 µm, respectively, CBs are 

commercially produced from different manufacturing methods. There are different grades of 

CB produced with properties to suit various applications. These grades are primarily controlled 

by the molecular and particle zones of the CB formation.  

 

Figure 2.1 A schematic diagram of two zones of CB formation with the three main CB 

properties highlighted [38,39]. 
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Figure 2.1 shows a schematic diagram of different zones of CB formation with the three 

fundamental properties of CB (i.e., particle size, aggregate structure, and surface chemistry) 

highlighted in the particle zone. Other CB properties, including BET surface area, pore volume, 

tint strength, iodine number, Mooney viscosity, mixing time in the rubber compound, impact 

resistance, and hardness, rely on the properties above. 

2.3 CB manufacturing methods 

CB is one of the oldest products to be manufactured, with a history of use in inks and dyes in 

India to mural paints by the ancient Chinese and Egyptians [36]. The five conventional methods 

of producing CB in the industry are furnace black, lamp black, channel black, acetylene black 

and thermal black [40]. These methods can be classified according to their chemical processes 

(thermal-oxidative decomposition or partial oxidation and thermal decomposition) and whether 

they are conducted in an open or closed system [36]. Furnace black, lamp black and channel 

black are produced from incomplete combustion of hydrocarbons with air (thermal-oxidative 

decomposition). In contrast, the thermal black and acetylene black methods rely on the thermal 

decomposition of hydrocarbons in anoxic environments. Some studies have also suggested 

using a plasma generator to minimize the emissions associated with conventional CB 

manufacturing methods [41,42] but could not produce carbon nanomaterials with acceptable 

performance and structural quality. 

Furnace black accounts for over 90% of global CB manufacturing due to a high feedstock to 

CB conversion yield. The furnace method involves thermal-oxidative decomposition or 

incomplete combustion [43]. The process is continuous and operates in a closed reactor, 

characterised by high velocities and turbulent flows [41]. The raw materials used in this process 

are mostly secondary/auxiliary fuel and primary hydrocarbon-based feedstocks [40]. The 

energy required to pyrolyse the primary feedstock is produced by the complete combustion of 
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the auxiliary fuel in the reaction chamber. The temperature in the combustion chamber, which 

ranges from 1100 to 1900 °C, is achieved by altering air or auxiliary fuel flow rates [13,36]. 

The primary feedstock vaporises and is pyrolysed in the gas phase to form microscopic carbon 

particles when in contact with the hot gas stream in the combustion chamber. While in the 

combustion chamber, quenching is used to control the residence time of CB in the reactor. The 

quenchant spray (i.e. water or steam) is necessary to minimize and/or prevent the occurrence 

of secondary reactions (water-gas production and the Boudouard reactions) that may gasify the 

carbon from the CB surface [41]. Depending on the design of the furnace reactor, the CB 

conversion yield varies from 35 to 70% [36,41], while the remnants are released as carbon 

dioxide, water, nitrogen oxides and sulphur dioxide emissions. While not covered in detail in 

this review, a summary of all methods for CB production is shown in Figure 2.2, including the 

main process variables, advantages and disadvantages. The features of the CB product by the 

manufacturing methods are also summarised in Table 2.1. 

Table 2.1  Features of CB from different manufacturing processes [40,41,44–46] 

Parameter Furnace Channel Lamp Acetylene Thermal Plasma 

Particle size (nm) 10 – 80 10 – 30 60 – 200 30 – 50 120 – 500 ~ 50 

Surface area (m2 g-1) 12 – 240 90 – 500 15 – 25 15 – 70 6 – 15 52 – 80 

Aggregate diameter (nm) 50 – 400 50 – 200 300 – 600 350 – 400 400 – 600 – 

pH 6 – 10 4 – 6 6 – 9 – 7 – 9 – 

OAN/DBPA (mL 100g-1)a 60 – 150 – 100 – 120 150 – 200 32 – 47 153 – 232 

Tint strength (%) 50 – 160 90 – 150 20 – 35 – ~20 – 

Iodine number (mg g-1) 15 – 450 – – – – – 

Volatile matter (%) 0.5 – 6 4 – 24 1 – 2.5 – 0.5 – 1 – 

a Oil absorption number (OAN) or dibutyl phthalate absorption (DBPA) is a standard industrial method of 

determining carbon black structure by measuring the amount of liquid or fluid it can absorb to achieve a viscous 

state. 
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2.4 Mechanism of CB formation 

The mechanism for CB particle formation is still controversial, although several theories have 

been proposed [47–49]. It is generally agreed that carbon synthesis (independent of the 

feedstock composition) involves the conversion of carbon-based feedstocks into carbon, 

hydrogen and oxygen radicals (if oxygen is present in the feedstock), which may participate in 

subsequent reactions [49]. 

As the gas-to-particle formation mechanism of soot and CB are similar, the former's formation 

may provide a proxy for the latter [13]. Despite a general lack of consensus on the exact 

formation mechanism, it is agreed that polycyclic aromatic hydrocarbons (PAHs) precursors 

are necessary for carbon nuclei formation [50,51]. PAHs are responsible for the slow 

conversion of the aliphatic molecule into aromatic compounds, which is the limiting step for 

forming the first particle that grows during dehydrogenation into soot or CB [49]. For this 

reason, the formation of CB can be depicted in the following five sequential stages, as shown 

in Figure 2.3. 

 

Figure 2.2 A schematic of the CB formation mechanism [42,48–52] 

• Stage one – the pyrolysis of hydrocarbon-based feedstock results in gaseous carbon 

precursors (PAHs) forming upon intense heating. It involves the dehydrogenation of 

primary hydrocarbon molecules into atomic carbon and ions. These atomic carbon and 

ions condense to form semisolid carbon precursors. The type of feedstock determines 

the type of carbon precursor.  
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Figure 2.3  A comparison of CB manufacturing methods [8,41,42,53–56] 
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• Stage two – the carbon precursor is nucleated to form large PAH molecules. Nucleation 

corresponds to the transformation of a molecular system into a particulate system [42]. 

The large molecules condense from the vapour phase to form nuclei or growth centres 

[8]. Only ~ 10% of the carbon particles are formed during the nucleation stage [57]. 

The nucleation process occurs within a very short period, several milliseconds for 

premixed flame and slightly longer for diffusion flame.  

• Stage three – the CB particles grow and aggregate. The reactive surface of the nucleated 

carbon particles continues to grow by attracting and interacting with the gas-phase 

molecular fragment of the hydrocarbons. In this stage, growth becomes controlled by 

the collision of nuclei, and larger particles begin to form. Experimental studies have 

shown that CB particles initially appear spherical, and it is only later, presumably after 

collision and aggregation, that they display fractal geometries [51]. In this stage, three 

processes co-occur; the condensation of more carbon precursors on the existing nuclei, 

coalescence of smaller spherical particles into larger ones, and agglomeration of the 

newly formed nuclei [8].  

• Stage four – the growth of the carbon surface by attachment or deposition of small 

molecules on the surfaces of the existing particles to form nodules and aggregates with 

characteristic onion microstructure [8]. There are several numbers of chemical 

reactions that occur on the solid carbon nuclei that affect their mass. The primary 

reaction (abstraction of a hydrogen atom from the carbon nuclei by the gaseous 

hydrogen atom and addition of a gaseous acetylene molecule to the radical site formed) 

occurs on the surface of the carbon particle [36]. The surface growth is influenced by 

the carbon source (feedstock compositions) and the reaction conditions, including 

temperature, feedstock flow rate, pressure and residence time [49]. The feedstock 

decomposes into fragments (neutral and charged) and radicals at high temperatures. 
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Approximately 90% of the total carbon yield occurs in this stage [57]. It should be noted 

that the stages of surface growth and particle agglomeration could occur concurrently, 

with no strong preference for surface growth on an individual or agglomerated carbon 

[50]. The stability of aggregates lies in this strong carbon surface growth between them, 

allowing the development of carbon surfaces that bridge and strengthen the bonds 

between particles [50]. 

• Stage five – is the oxidation of carbon particles. Whether oxidation happens 

concurrently or subsequently with CB formation depends on the flame type. In a 

diffusion flame, oxidation occurs subsequently to the CB/soot formation, while the 

opposite is valid for a premixed flame [58]. There is competition between solid carbon 

production and its precursors and the oxidation of these species through combustion 

during the CB formation. The oxidation depends upon the local flame conditions like 

temperature, oxygen concentration, gas flow rates and the particular fuel present (more 

precisely, the C/H and C/O ratios). Many species can oxidise soot particles, such as 

hydroxyl radicals (𝑂𝐻) and oxygen atoms. In fact, two independent studies have shown 

that hydroxyl radicals are responsible for the oxidation of carbon/soot particles [50,59]. 

While considered the ‘last’ stage, the oxidation stage has been observed to begin well 

before carbon has reached its maximum diameter [36].  

In reality, the formation of CB is complex and highly influenced by the composition of the 

feedstock, the manufacturing method, the reactor design and the operating conditions. 

2.5 CB feedstocks  

The feedstock determines the market price of the CB product. According to Wang et al. [8], 

CB feedstocks represent nearly 60% of manufacturing costs. Hydrocarbon-based feedstocks 
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are primarily utilized in CB production due to their distinct chemical and physical 

characteristics, such as carbon, hydrogen, density, and viscosity [36].  

Table 2.2 Typical CB feedstocks 

Feedstock  Comments  Reference  

Natural gas  • Used in all the carbon black manufacturing methods 

except the acetylene method 

• It is fossil fuel-based hence associated with the severe 

environmental impact of global warming and acid rain 

formation  

[36] 

Acetylene  • Used only in acetylene method  

• It is fossil fuel-based, hence associated with the severe 

environmental impact of global warming and acid rain 

formation 

[8,36] 

Aromatic oils 

based on coal tar 

or crude oil 

• It is widely utilized mainly in the lamp, thermal and 

furnace methods  

• Besides its severe environmental impact as fossil fuels, 

their prices are highly volatile 

[36] 

Vegetable oil  • Complex multi-component mixture of triacylglycerols, 

such as esters of glycerol and fatty acids  

• It can be utilized in the furnace, lamp, channel and thermal 

manufacturing methods 

• Controversial: whether it should be used as food or 

chemical feedstock  

[60] 

Lignocellulose 

biomass 

• It can be used in the furnace, lamp, channel methods  

• Undesirable high oxygen content that requires further 

upgrading before usage  

• Carbon black agglomerates and nodule size distribution 

are quite different when compared with commercial 

carbon blacks 

[13] 
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These hydrocarbon feedstocks also determine the CB formation mechanism and processing 

conditions. Several feedstocks can and have been successfully utilized depending on the CB 

manufacturing method, as shown in Table 2.2. 

2.5.1 Conventional feedstocks for CB 

Fossil hydrocarbon resources (i.e., natural gas, acetylene, coal tar oil, steam cracker, catcracker, 

and aromatic concentrates) are the primary conventional feedstock for CB production. In 

addition to the market price volatility, these feedstocks are associated with severe 

environmental impacts, including deforestation and extensive drilling from mining, climate 

change and acid rain formation [61]. Depending on the selection of the feedstock and operating 

conditions of the manufacturing method, the chemical composition of CB varies extensively, 

as shown in Table 2.3 [8]. Carbochemical (coal tar oils), petrochemical (steam cracker and 

catcracker oils), aromatic concentrates and mixed oils are the most common feedstocks for the 

commercial production of CB by the furnace method. However, due to the variable 

composition of these feedstocks, the CB produced has different chemical compositions (Table 

2.3). For example, catcracker decant oil feedstock (90.6% carbon, 7.1% hydrogen and 2.1% 

sulphur) would produce CB of different chemical compositions when compared with that from 

coal tar oil (92.1% carbon, 6.4% hydrogen and 0.6% sulphur) irrespective of the manufacturing 

method [36]. Although sulphur does not contribute to the CB product yield, they form complex 

compounds that prolong the scorch time of the product. 

Furthermore, sulphur dioxides and trioxides are incredibly corrosive, and, in some countries, 

sulphur emissions from combustion processes are heavily regulated. High carbon to hydrogen 

(C/H) ratios and high aromaticity are essential in specifying CB feedstock, especially for the 

furnace method [36]. Dhulipalli [62] identified suitable CB feedstocks have a C/H ratio in the 

range of 7.1 to 13.3. Other important specifications considered in the selection of CB 

feedstocks are as follows [8,54]:  
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• moderate-to-low sulphur content to prevent prolonged scorch time of CB product 

during applications  

• absence of solid materials and free of suspended solid particles for easy handling of the 

feedstock in the tank, pump, transfer lines and spray nozzle 

• minimum asphaltenes to prevent the formation of grit that compromises the CB quality 

(i.e., the mechanical properties such as rupture and friction resistance) 

• moderate-to-low viscosity and low distillation point to help the feedstock break up into 

fine drops inside the furnace and allow them to vaporise quickly and transform into CB  

The transition from fossil-fuel-based feedstocks to alternative feedstocks derived via recycling 

waste materials seems to be one of the most plausible long-term pathways to ensure sustainable 

production of CB [63], in line with cleaner production principles. Some patents and reports 

have emerged promoting the use of alternative feedstocks in the form of vegetable oils [64], 

lignocellulose biomass [13,65] and spent tyre pyrolysis oil [12] in CB production.  

Table 2.3  Typical chemical compositions of CB manufactured from different methods [8] 

Material Furnace Thermal Acetylene 

Carbon (wt %) 97.3 – 99.3 99.4 99.8 

Hydrogen (wt %) 0.2 – 0.8 0.3 – 0.5 0.05 – 0.10 

Oxygen (wt %) 0.2 – 1.5 0.0 – 0.12 0.10 – 0.15 

Sulphur (wt %) 0.2 – 1.2 0.0 – 0.25 0.02 – 0.05 

Nitrogen (wt %) 0.05 – 0.3 – – 

Ash content (wt %) 0.1 – 1.0 0.2 – 0.38 0.0 
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2.5.2 Alternative feedstocks for CB production 

 

Recently, vegetable oils have been widely promoted as potential feedstocks for synthesising 

carbon-related materials, although they face major challenges regarding their selection, purity, 

and experimental process optimization [66]. In CB production, vegetable oils with high linoleic 

and oleic acid contents are preferred. Vegetable oil with high linoleic and oleic acid has the 

capability of improving the characteristics (cure time, scorch time, elastic torque, viscous 

torque, tensile modulus and hardness) of the final rubber mixture in tyres [60], which account 

for 93% of CB usage [67]. Since vegetable oils are also considered a renewable resource, their 

CBs are regarded as green CB [13]. Moreover, vegetable oil prices are relatively higher 

compared to fossil fuel-based feedstocks. In a recently filed patent, Stanyschöfsky et al. [64] 

reported a furnace method utilizing renewable oil-based feedstocks, including rapeseed oil, soy 

oil, sunflower oil, and olive oil, in CB production. Following the comprehensive review work 

of Demirbas [68], vegetable oils are grouped into (i) major oils (including coconut, corn, 

cottonseed and canola), (ii) nut oils (almond, cashew, hazelnut and pecan), (iii) edible oils  

(apricot, argan, avocado and beech nut), and (iv) inedible oils  (i.e. jatropha, honge and neem). 

As discussed earlier, the carbon-to-hydrogen content, density, viscosity, and distillation point 

(i.e., the ability of feedstock to vaporise) are essential factors in selecting suitable and 

appropriate CB feedstocks. These parameters (measured using ASTM standard methods) are 

compared for different types of vegetable oils and summarized in Table 2.4. With high heating 

value (34.5 – 40.9 MJ kg-1), low ash content (0.008 – 0.04 wt %), oleic content (8.10 – 74.7 wt 

%), linoleic content (6 – 72.9 wt %) and a density range of 0.902 to 0.923 kgm-3, vegetable oils 

may be ideal feedstocks in CB production for rubber applications. However, there is a need to 

carefully analyse the suitability of vegetable oils as a sustainable industrial CB feedstock 

considering the recent public debates on food versus fuel/feedstock [69]. 

2.5.2.1 Vegetable oil  
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Non-edible lignocellulose biomass, mainly from forestry and agricultural residues, accounts 

for nearly 70% of biomass produced annually [69]. Lignocellulose biomass consists of 

cellulose, hemicelluloses, lignin, and ash extractives [70]. Depending on the biomass source, 

the relative variation of cellulose, hemicellulose, lignin, extractive and ash are approximately 

25 – 53 wt %, 13 – 35 wt %, 12 – 36 wt %, 2 – 22 wt % and 0 – 19 wt %, respectively [70]. 

The woodchips and agricultural biomass waste can be converted into solid (char), liquid (bio-

oil) and gas via pyrolysis. Akhtar et al. [71] reported that cellulose and hemicellulose increase 

bio-oil production, and lignin increase char yield.  

Meanwhile, a high lignin content also increases the viscosity and mean molecular weight and 

decreases the moisture content of bio-oils [72]. The relative yield of bio-oil, char and gas from 

different pyrolysis reactors depends on temperature and residence time. Medium temperatures 

(typically between 400 – 550 °C) and shorter residence time (< 2 s) favour the production of 

bio-oils [73], which can be an excellent resource for CB production. In a recent study, Toth et 

al. [13] reported the production of CB using pyrolysis bio-oil from a mixture of stem wood 

sawdust made from Scottish pine (80 wt %) and Norway spruce (20 wt %) in a simulated 

furnace reactor operated at a temperature range of 1100 – 1700 °C. The authors found a 

maximum feedstock to CB conversion yield of ~ 11 wt % at 1300 °C (operating temperature) 

with structural properties similar to medium-dispersed commercial-grade CB. However, the 

high inherent oxygen content of the feedstock alters the particle formation and oxidation stages 

resulting in the formation of the CB product with shrinking nodules [13]. There is an ongoing 

research effort to address the high oxygen content of biomass bio-oils via upgrading [74], 

which has an adverse effect on CB production yield. 

2.5.2.2 Non-edible lignocellulose biomass  
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Table 2.4  Typical physical and chemical properties of some vegetable oils for CB production [75–78] 

Vegetable oil  Density*  

(kg L-1) 

Flash 

point 

(oC) 

Viscosity 

(mm2 s-1) 

Distillation 

range  

(oC) 

Sulphur 

content 

(%) 

Ash by 

weight 

(%) 

Oleic 

content 

(wt %) 

(C18:1) 

Linoleic 

content 

(wt %) 

(C18:2) 

HHV 

(MJ kg-1) 

Ailanthus  0.916 240 30.20 150–350 0.01 0.02 8.10 51.10 39.44 

Almond kernel - - 34.20 - 0.01 0.01 70.70 20.20 34.50 

Bay laurel leaf 0.921 226 23.20 145–345 0.02 0.03 10.80 11.30 39.30 

Beech 0.915 242 34.60 155–360 0.006 0.04 10.40 33.30 39.59 

Beechnut 0.912 242 38.00 155–365 0.008 0.03 30.40 48.90 39.82 

Corn 0.914 276 35.10 155–365 0.01 0.01 24.80 61.30 39.66 

Cottonseed 0.915 235 33.70 170–355 0.01 0.02 13.00 57.40 40.38 

Crambe  0.902 274 53.20 - 0.01 0.04 18.90 9.00 39.83 

Hazelnut kernel 0.920 230 24.00 160–350 0.02 0.01 83.60 8.50 39.33 

Linseed 0.921 240 28.00 165–365 0.01 0.01 18.90 18.10 39.50 

Olive kernel  0.918 231 29.40 - 0.02 0.008 74.70 17.60 39.50 

Palm  0.923 228 24.10 - - - 36–44 6–12 39.74 

Peanut kernel  0.908 270 40.00 - 0.01 0.02 48.30 32.00 39.85 

Poppy seed 0.907 265 42.40 170–370 0.01 0.02 22.30 60.20 39.73 
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Vegetable oil  Density*  

(kg L-1) 

Flash 

point 

(oC) 

Viscosity 

(mm2 s-1) 

Distillation 

range  

(oC) 

Sulphur 

content 

(%) 

Ash by 

weight 

(%) 

Oleic 

content 

(wt %) 

(C18:1) 

Linoleic 

content 

(wt %) 

(C18:2) 

HHV 

(MJ kg-1) 

Rape seed 0.912 245 37.30 - 0.01 0.006 64.10 22.30 39.52 

Safflower seed 0.914 260 31.60 165–370 0.02 0.007 13.60 77.20 39.79 

Sesame seed  0.913 262 36.00 - 0.002 0.002 52.80 30.20 39.63 

Soybean  0.914 255 33.10 - 0.006 0.006 23.20 56.20 39.44 

Spruce 0.914 238 35.60 150–350 0.01 0.01 14.70 30.40 39.57 

Sunflower  0.916 272 34.40 155–355 0.01 0.01 17.70 72.90 39.59 

Walnut kernel 0.912 232 36.80 160–355 0.02 0.02 18.50 16.20 39.56 

Wheat grain  - - 32.60 - 0.02 0.02 16.60 56.00 39.30 
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2.6 Effect of feedstocks on the yield and properties of CB 

The CB feedstock and the processing conditions (operating temperature, oxygen concentration, 

and residence time) affect the production yield and the final characteristics of the CB product, 

including particle size and structure [36,54]. Feedstocks of different hydrocarbon proportions 

(e.g., benzene, pyrene, phenanthrene, naphthalene, anthracene and ∝-methylnaphthalene) and 

chemical compositions (carbon, hydrogen, oxygen, sulphur and moisture content) would result 

in different CB yield and properties. Shurupov [79] showed that the CB yield and surface area 

are a function of the hydrocarbon concentration of the feedstock mixture. For acetylene-

benzene-naphthalene-helium feedstock, the author demonstrated that changing the 

concentration of naphthalene dissolved in the benzene from 5 to 16% increased the CB yield 

from 35 to 37.8% and surface area from 11.4 to 12.6 m2g-1, respectively, under the same 

conditions. Ono et al. [80] reported that increasing benzene concentration in acetylene 

feedstock pyrolysis by 5% volume led to an increase in the particle size of CB from 30 to 80 

nm and simplified aggregate structures to a slight increase in nuclei mole fraction. Similarly, 

for different hydrocarbon feedstocks, Shurupov [81] reported a trend in the CB yield and 

surface area under different residence times and temperatures, as shown in Figure 2.4 (a) and 

(b), respectively. 

Figure 2.4 (a) showed increased CB yield for different feedstocks with increasing residence 

time. The observed trend is that increasing residence time allows more time to convert the 

hydrocarbon mixture into CB particles. Note that the residence time in Figure 2.4a is in 

milliseconds. After all the hydrocarbon mixtures must have been converted (at a relatively long 

residence time in order of seconds), there is a possibility that increasing the residence time 

would result in decreased yield due to the gasification of already formed CB by CO2, CO, and 

H2O. 
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Figure 2.4  Effect of feedstock composition and operating conditions on (a) the yield and 

(b) surface area of CB from furnace method [81] 

Likewise, the decrease in surface area (Figure 2.4b) with increasing residence time is due to 

the collision of nascent nucleation particles filling the CB aggregates' voids and simplifying 

the structure [82]. There would be less opportunity for this aggregation at shorter residence 

times, and the CB particles would attain a larger surface area due to complexity and higher 

porosity. An increase in complexity of the aggregate CB structure due to the increase in 

nucleation rate and the nuclei mole fraction occurred when the acetylene concentration was 

increased in benzene feedstock pyrolysis [82]. 

2.7 Spent tyre pyrolysis products as a potential feedstock for CB 

In recognition that the economic value of CBs might enhance the overall feasibility of the spent 

tyre pyrolysis process, several studies have assessed spent tyre pyrolysis char recovered at high 

temperature or further upgraded using chemical treatment as CB [29,83–88], commonly 

referred to as “pyrolytic” or “recovered” CB. Darmstadt et al. [84] reported a 24% yield of 

pyrolytic CB obtained at a pyrolysis temperature of 500 °C and pressure of 0.3 kPa, with 91% 

carbon, 3.9% oxygen, 0.7% sulphur, and ~ 5% ash (H-free elemental composition). For a batch 

pyrolysis reactor operated at temperature (420 – 700 °C) and pressure (0.30 – 20 kPa), Sahouli 

et al. [89] reported higher fractal dimensions in pyrolytic CB compared to different grades of 
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commercial CBs (N115, N375, N539, N660 and N774). The authors concluded that the fractal 

dimension mainly depends on the pyrolysis pressure rather than the temperature and attributed 

this result to carbonaceous deposits from the absorbed hydrocarbons on the pyrolytic CB. In a 

plasma reactor, Tang and Huang [85] reported a pyrolytic CB yield (30 – 35%) with feed and 

steam injection rates of 80 g min-1 and 80 mL min-1, respectively. Although the reactor 

temperature was not disclosed, they were able to produce a pyrolytic CB with 82.7 – 85.1 wt 

% carbon, 0.2 – 0.4 wt % hydrogen, 12.4 – 13.9 wt % oxygen, 0.38 – 0.42 wt % nitrogen and 

2.0 – 2.6 wt % sulphur, but with relatively high ash (15.1 – 16.3 wt %). Similarly, Gómez-

Hernández [86] achieved a maximum yield of 81 wt % pyrolytic CB obtained from spent tyres 

using a lab-made cylindrical stainless steel reactor operated at high temperature (around 1000 

°C) with 84.9% carbon, 4.9% oxygen, and 10.2% sulphur. Martínez et al. [87] reported 

demineralized pyrolytic CB characterised with high carbon content (~ 93%) and moderately 

lower ash (at 4.9%). They concluded that in addition to the surface chemistry of pyrolytic CB 

being rich in acidic functional groups, their agglomerates were much larger and less 

homogenous than commercial CB (N550). While advocating for pyrolysis of distinct sections 

of spent tyre, Wang et al. [90] reported pyrolytic CB produced at 500 °C with 88.8% carbon, 

0.6% hydrogen, 6.9% ash content and 0.5% nitrogen for sidewall section compared to the 

50.7% carbon, 0.4% hydrogen, 46.5% ash content, and 0.5% nitrogen for tyre tread section. 

Recent work has produced CB from spent tyre pyrolysis chars with similar composition, 

structures and properties as commercial-grade CBs N330, N550 and N772 [91,92], which 

typically contain elemental carbon > 97% and < 1% ash and sulphur [35]. However, pyrolytic 

CB has shown poor rubber reinforcing capabilities in industrial application compared to N330, 

despite similar nitrogen and oil adsorption numbers and specific surface area [88,91,92]. 

During the pyrolysis process, inorganic and undesirable elements are preferentially retained in 

the char fraction [93,94], resulting in char with high ash contents (~ 4 to 20 wt %) and S, which 
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impede their utilisation as CB. Time-consuming and expensive demineralisation processes to 

reduce this ash content lead to recovered CB with lower structure (i.e. linear and ellipsoidal 

shape configuration) and more acidic surface groups, limiting industrial application. For 

instance, a spent tyre pyrolysis char with an ash content of 16.7 wt % could only be reduced to 

~ 8.2 wt % after a lengthy demineralisation process using HCl [24,25,27], much higher than 

the < 0.4 wt % ash found in most commercial CB [8]. Additionally, large-scale 

demineralisation of char using strong acids is dangerous and polluting, requiring dedicated 

facilities. Hence, the production of CB using STPO provides an alternative route.  

2.7.1 Compositions and characteristics of STPO  

During pyrolysis, the spent tyre decomposes due to the high temperature of the reactor to 

produce solid char and volatile products consisting of a wide variety of hydrocarbons [95]. The 

non-condensable hydrocarbons under atmospheric temperature and pressure are known as 

pyrolysis oil. [95]. Spent tyre pyrolysis studies have been widely documented, including 

process reviews [16,21]. These studies have shown that the pyrolysis oil yield is highly 

dependent on (i) the type of reactor, (ii) the experimental conditions (temperature, residence 

time and heating rate), and (iii) the tyre type/composition. For this reason, selecting the reactor 

type and experimental conditions that will increase pyrolysis oil yield for a known tyre 

composition is possible. Generally, medium pyrolysis temperature (450 – 600 °C) and rapid 

quenching (shorter residence time) favour pyrolysis oil production.  

The pyrolysis oil of the spent tyre is an opaque dark brown, non-viscous liquid containing over 

100 identified compounds with a distinct acrid solid smell, dominated by aromatics, aliphatics, 

heteroatoms and polar fractions. The compounds are mainly derived from elastomers (i.e., 

natural and synthetic rubber) and other ingredients used in the production of tyres [96,97]. 

Alvarez et al. [98] reported that pyrolysis oil consists of complex mixtures of organic 

compounds (C6-C24) and is composed mainly of aromatics (12 – 51 wt %), aliphatics (21 – 44 
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wt %), heteroatoms (6 – 16 wt %), water (0.8 – 2 wt %) and other unidentified compounds (21 

– 30 wt %) (Table 2.5). The proportion of the aromatics (polycyclic and monocyclic aromatics 

hydrocarbons) increases with increasing pyrolysis temperature [98]. Increasing aromaticity has 

been attributed to the Diels-Alders secondary reaction mechanism, where alkanes undergo 

cyclisation and hydrogenation to form aromatic hydrocarbons [99,100]. 

Table 2.5  Typical composition of STPO at different temperatures [98] 

Compound  Major constituent 425°C 475°C 575°C 

Aromatics (wt %)  12.01 12.76 50.64 

Monocyclic aromatic hydrocarbon  7.44 8.08 38.00 

Polycyclic aromatic hydrocarbon 4.57 4.68 12.64 

Aliphatics (wt %)  40.85 44.14 21.48 

Alkanes 4.62 5.00 3.23 

Alkenes 11.48 12.00 9.71 

Terpenes 24.78 27.16 8.54 

Heteroatoms (wt %)  15.45 14.34 6.15 

Tetradecanoic acid  5.84 4.61 - 

Water (wt %)  1.48 0.77 0.51 

Unidentified 

compound (wt %) 

 30.22 27.99 21.22 

Total (wt %)  100 100 100 

 

Polycyclic and monocyclic hydrocarbons dominate the aromatic component of STPO. Typical 

concentrations of polycyclic hydrocarbons (PAHs) from spent tyre pyrolysis liquid at different 

temperature is shown in Table 2.6. Cunliffe and Williams [100] showed that the concentration 

of the total PAHs content in the oil fraction increases from 1.5 wt % at 450 °C to 3.4 wt % at 

600 °C during spent tyre pyrolysis. Similarly, Williams and Taylor [99] showed that the 

concentration of the total PAHs content of the liquid fraction increases from 1.4 wt % at 500 

°C to 10 wt % at 720 °C during spent tyre pyrolysis. Some studies suggest that the feedstock 
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aromaticity can be inferred by calculating the C/H ratio [36,62,81,101] in cases where the PAH 

content is unknown.  

Table 2.6  Typical concentration of polycyclic aromatic hydrocarbons (PAHs) in STPO at 

different temperatures [100] 

 

PAH (ppm) 

Pyrolysis temperature 

450°C 475°C 500°C 525°C 560°C 600°C 

Naphthalene 465 420 725 1115 665 1630 

2-Methylnaphthalene  650 570 730 770 1005 2365 

1-Methylnaphthalene  460 490 625 645 895 1570 

Biphenyl 1030 1040 1630 885 1320 3000 

1-Ethynaphthalene  430 510 690 830 745 1335 

2,6-Dimethylnaphthalene  565 565 855 755 995 1990 

1,7- Dimethylnaphthalene 550 440 365 1020 700 560 

1,6- Dimethylnaphthalene 275 600 595 715 485 1085 

1,5- Dimethylnaphthalene 190 305 375 1440 635 880 

1,2- Dimethylnaphthalene 770 405 600 450 460 1385 

Acenaphthene  560 580 635 700 620 1070 

Trimethylnaphthalene 1585 1160 1315 2075 1865 3105 

Fluorene  280 210 325 290 295 605 

Methylfluorene  200 380 305 410 435 865 

2-Methylfluorene 115 245 220 175 335 745 

1-Methylfluorene 260 340 370 310 450 555 

Phenanthrene  95 230 200 125 195 315 

Anthracene  85 160 125 135 225 295 

Dimethylfluorene  215 425 425 165 320 465 

2-Methylphenanthrene  595 495 315 470 815 1240 

2-Methylanthracene 455 640 500 1010 720 1140 

4-Methyphenanthrene  355 200 140 275 605 730 

1-Methyphenanthrene 595 890 470 585 600 555 

Dimethylphenanthrene  2020 <1710 1770 2060 8705 3410 

2,7- Dimethylphenanthrene 1255 1300 1740 525 1060 1075 
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PAH (ppm) Pyrolysis temperature 

Fluoranthene  450°C 475°C 500°C 525°C 560°C 600°C 

Pyrene 530 105 120 425 225 115 

Trimethylphenanthrene  530 400 600 470 520 940 

Tetramethylphenanthrene 30 35 65 35 30 150 

Chrysene 30 15 35 <5 30 60 

Total (%) 1.53 1.52 1.72 1.92 2.67 3.43 

 

Dhulipalli [62] identified suitable CB feedstocks have a C/H ratio in the range of 7.1 to 13.3. 

The C/H of pyrolysis oil from several studies computed from data summarised in Table 2.7 

ranges from 7.3 to ~ 12.9, similar to conventional CB feedstocks (7.1 – ~ 13.5). Additionally, 

the relatively high C/H ratio of STPO makes it a suitable feedstock for CB. A comparison of 

aromatic content of STPO obtained at different temperatures using different reactors with that 

conventional CB feedstock (coal tar) is depicted in Figure 2.5. It shows that high pyrolysis 

temperature (> 500 °C) favours the formation of aromatic hydrocarbons. It can also be inferred 

from Figure 2.5 that the aromaticity of STPO produced at pyrolysis temperature above 500 °C 

is consistently higher than that from an ideal CB feedstock (coal tar at 18%). While the sulphur 

content of STPO is high, sulphur is not believed to affect the CB yield. The comparison of the 

sulphur content of spent pyrolysis oil with other CB feedstocks, including lignocellulose 

biomass and fossil fuel-based sources, is shown in Table 2.7. The range of value for the sulphur 

content of the STPO is very broad and mainly depends on the type of tyre, type of pyrolysis 

reactor and the operating conditions (Table 2.7). The sulphur content of STPO (0.8 to 1.8 wt 

%) is distinctly higher than lignocellulose biomass (0.02 – 0.05 wt %) but within the range of 

all fossil fuels CB feedstocks (0.2 – 3.1 wt %). 
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Table 2.7  The chemical elemental composition of several bio-oil, spent tyre oil compared to typical fossil fuel feedstock for CB production 

  Feedstock 
Carbon 

(wt %) 

Hydrogen 

(wt %) 

Oxygen 

(wt %) 

Sulphur 

(wt %) 

HHVa 

(MJ kg-1) 

C/H 

ratio 
Reference  

Lignocellulose 

biomass 

Beech wood oil 51.1 7.3 41.6 - 22.1 7.0 

[74] 

Eucalyptus oil 44.8 7.2 48.1 - 19.1 6.2 

Hybrid poplar oil 46.7 7.6 45.7 0.03 20.5 6.2 

Pine sawdust oil 38.8 7.7 53.4 0.02 17.1 5.0 

Pine wood oil 40.1 7.6 52.1 - 17.6 5.3 

Poplar oil 49.5 6.1 44.4 - 19.9 8.1 

Rice husk oil 39.9 8.2 51.3 0.03 18.3 4.7 

White spruce oil 49.6 6.4 43.1 - 20.4 7.8 

Whole tree poplar oil 49.1 6.3 43.6 - 20.0 7.8 

Saw dust oil 60.4 6.9 31.8 - 25.9 8.8 

Stem wood saw dust oil 56.4 6.5 36.9 0.05 23.5 8.7 [13] 

 

 

 

 

Typical carbon 

black feedstock  

Steam cracker oil 92 7.1 - 0.2 40.5 12.9 

[36] Catcracker decant oil 90.6 7.1 - 2.1 40.2 12.9 

Coal tar distillation  92.1 6.4 - 0.6 39.8 14.4 

Petrol clarified oil (1) 86.3 12.1 - 1.01 44.4 7.1 
 

[101] 
Petrol clarified oil (2) 83.7 9.5 - 1.4 40.6 9.1 

Petrol clarified oil (3) 88.3 9.7 - - 42.3 9.1 
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Petrol vacuum residue 87 11.8  0.8 44.4 7.4 

Petrol pyrolysis tar (1) 90.6 7.3 - - 40.2 12.4 

Petrol pyrolysis tar (2) 87.1 6.6 - 2 38.4 13.3 

Petrol pyrolysis tar (3) 92.4 7.4 - - 41.0 12.5 

Petrol pyrolysis tar (4) 92.7 6.8 - - 40.4 13.6 

Petrol aromatic extract 89.5 9.0 - - 41.8 9.9 

Petrol aromatic extract 92.7 7.2 - - 40.8 12.9 

Petroleum oil  90.5 7.5 - 1.5 40.6 12.07 [102] 

Exxon bunker oil  89.6 7.4 0.3 3.1 40.3 12.1 [12] 

 

 

 

 

 

 

 

Spent tyre 

pyrolysis oil  

AFR tyre oil (aged) 84.5 11.1 3 0.9 42.4 7.6 

 

[12] 

AFR tyre oil (fresh) 86.7 10.8 1.6 0.9 42.9 8.1 

Conrad tyre oil 88.4 9.6 1.3 1.0 42.1 9.3 

Metso tyre oil 90.6 7.01 2.2 1.0 39.8 12.9 

Pyrolysis oil at 425 °C 85.0 11.0 2.8 1.1 42.5 7.7 

[98] Pyrolysis oil at 475 °C 86.0 10.8 1.7 1.2 42.7 8.0 

Pyrolysis oil at 575 °C 88.0 10.2 0.3 1.3 42.8 8.6 

Oil at 400 °C and 1 Mpa 86.0 11.0 1.9 0.8 42.9 7.8 

[103] Oil at 400 °C and 5 Mpa 86.1 10.9 1.7 0.8 42.0 7.9 

Oil at 400 °C and 10 Mpa 85.5 11.3 1.9 0.8 43.0 7.6 

HT oil at 280°C 84.0 11.5 1.9 1.8 42.8 7.3  
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HT oil at 310°C 84.7 11.6 1.5 1.6 43.2 7.3  

[104] HT oil at 350°C 85.3 11.4 1.3 1.54 43.2 7.5 

HT oil at 370°C 85.4 11.3 1.4 1.49 43.1 7.6 

HT oil at 390°C 85.3 11.2 1.7 1.4 42.9 7.6 

HT oil at 430°C 84.6 10.4 3.3 1.4 41.6 8.2 

C oil at 600°C 86.4 9.9 1.9 1.5 41.8 8.7  

[105] NC oil at 600°C 84.1 9.8 4.4 1.4 40.6 8.6 

a is calculated using the Channiwala and Parikh formula [106], HT: hydrothermal, C: catalytic and NC: non-catalytic  
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Figure 2.5  Aromatic content of tyre pyrolysis oil against typical CB feedstock 

 

Figure 2.6 A comparison of sulphur and carbon to hydrogen content of pyrolysis oils with 

typical CB feedstocks (for spent tyre pyrolysis oil:  [105],  [104],  ∆ [107], 

+ [98], and  [12]; for typical CB feedstocks: ■ [12],  ► [102],  [101], and 

[36]. 

A comparison between C/H and associated sulphur content of different feedstocks in Figure 

2.6 indicates that spent tyre pyrolysis oils have C/H and sulphur comparable to petrol clarified 
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and petrol vacuum residue oil. However, higher values of C/H ratio and aromatics result in an 

increased feedstock to CB conversion yield, but higher oxygen contents (Table 2.7) inhibit the 

conversion yield. Excess oxygen in the combustion gases converts some feedstock to carbon 

dioxide and carbon monoxide [62]. In addition, the high heating values (HHV) for spent tyre 

pyrolysis liquid (40 – 45 MJ kg-1) are distinctly higher than lignocellulose biomass (15 – 25 

MJ kg-1) but within the range for all fossil fuels (39 – 47 MJ kg-1) from Table 2.7.   

2.7.2 CB from the spent tyre pyrolysis oil (STPO) 

While many studies have been on recovering CB from spent tyre pyrolysis char, little attention 

has been paid to spent tyre pyrolysis oil. Using the oil fraction of a spent tyre pyrolysis process, 

Wójtowicz et al. [12] demonstrated the production of CB using a furnace reactor operated at 

1100 °C and for residence time (5 and 20 s). The iodine number, BET surface area, average 

particle size and product yield of CB produced from these spent tyre pyrolysis oils were similar 

to CB produced from a conventional feedstock (Exxon bunker oil) under the same experimental 

conditions (Table 2.8). Under the same processing conditions, the CB yield of Exxon bunker 

oil, Conrad tyre oil and Metso tyre oil was 50 wt %, 52 wt % and 58 wt %, respectively. The 

corresponding carbon to hydrogen ratio and sulphur content are 12.1 and 3.1% for Exxon 

bunker oil, 9.3 and 1.0% for Conrad tyre oil and 12.9 and 1.0% for Metso tyre oil. Although 

the C/H ratio of Exxon bunker oil is ~ 23% higher than the Conrad tyre oil, the yield of the 

Conrad tyre oil is 4% higher, indicating that the high aromatic content of the Conrad tyre oil 

may be the reason for the improved feedstock to CB conversion yield. The higher CB yields 

from Metso tyre oil (58 wt %) might be due to the high C/H ratio (12.9) and, by extension, high 

aromatic content. 

Meanwhile, the industrial properties (particle size, iodine number and BET surface area) of CB 

from Conrad tyre oil vary with residence time and the gas environment, as shown in Table 2.8. 

For the same residence time (20 s) and feedstock flow rate (0.11 mLmin-1), changing the gas 
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environment from nitrogen (100 vol %) to a mixture (75 vol % nitrogen and 25 vol % oxygen) 

increases the iodine number and BET surface area by 250% and 50%, respectively. Still, it 

decreases the particle size and yield by 55% and ~ 60%, respectively. The addition of excess 

oxygen (25 vol % of the mixture) in the combustion gas lowers the CB yield by converting 

some of the feedstock into carbon dioxide and carbon monoxide [62].  

Table 2.8  Comparison of CB from spent tyre pyrolysis oil and typical oil feedstock  [12] 

Feedstock  Conditions  

(Furnace temperature at 1100 oC) 

Iodine 

number 

(gk g-1) 

BET 

surface 

area 

(m2g-1) 

Particle 

size 

(nm) 

Yield  

(wt %) 

AFR tyre oil 

(fresh) 

The residence time of 5 s using N2 gas and 

feedstock flow rate of 0.10 mLmin-1 

- 17 - 48 

Conrad tyre 

oil 

The residence time of 5 s using N2 gas and 

feedstock flow rate of 0.10 mLmin-1 

- 18 - 56 

Conrad tyre 

oil  

The residence time of 20 s using N2 gas 

and feedstock flow rate of 0.10 mLmin-1 

- 33 - 53 

Metso tyre 

oil  

The residence time of 20 s using N2 gas 

and feedstock flow rate of 0.11 mLmin-1 

11 9 127 58 

Conrad tyre 

oil  

The residence time of 20 s using 25 vol % 

O2 and 75 vol % N2 gas and feedstock flow 

rate of 0.11 mLmin-1 

21 12 62 21 

Conrad tyre 

oil  

The residence time of 20 s using N2 gas 

and feedstock flow rate of 0.11 mLmin-1 

6 8 139 52 

Exxon 

bunker oil  

The residence time of 20 s using N2 gas 

and feedstock flow rate of 0.16 mL min-1 

11 7 141 50 

 

Similarly, under the nitrogen environment and feedstock flow rate of 0.10 mLmin-1, the BET 

surface area of CB from Conrad oil increased from 18 to 33 m2g-1, and the yield decreased 

from 56% to 53% when the residence time was increased from 5 to 20 s. While the increased 



35 

 

surface area is contrary to the previous report by Shurupov [79] in Figure 2.5b, the decreased 

yield agrees with the results in Figure 2.5a. Residence time dictates the extent of reactions; 

hence, increased residence times allow the conversion of more feedstock into CB. Wójtowicz 

et al. [12] concluded that, given the similarities between the obtained  CBs and compositional 

ranges consistent with ASTM standards, STPO might be a suitable feedstock for CB 

production.  

However, there have been no subsequent systematic studies on the effect of process variables 

on CB yield and properties using STPO. Moreover, the structural properties of the resultant CB 

from STPO have not been assessed. While STPO can be used as feedstock for CB, the 

application of STPO with tremendous economic potential is the recovery of the “light” and 

“solvent” oil fractions via distillation, which contain dl-limonene, toluene, styrene, indene and 

xylene [16,108–111]. Pakdel et al. [111] discussed the mechanism of dl-limonene formation 

during their experiment. They reported the recovery yield of 3.6 wt % of dl-limonene from 

truck tyres in a pyrolysis reactor operated under a vacuum. Mkhize et al. [108] showed 7.6 wt 

% of dl-limonene from a fixed bed reactor operated at a pyrolysis temperature of 475 oC and a 

heating rate of 20 oC min-1. After the extraction of these high-value chemicals, the heavier 

fraction or “heavy residue fraction (HRF)” remains and on its own has little or no direct value. 

HRF is problematic as it requires additional, costly treatment before disposal. None of these 

studies [16,108–111] offered recommendations on utilising or disposing of the HRF. HRF 

contains a high amount of polyaromatic aromatics hydrocarbons (PAHs), a necessary precursor 

for CB formation, hence could be used as an alternative feedstock for CB production. 

2.8 Polishing of CB via oxidative treatment 

The industrial application of carbon black (CB) formed via partial oxidation of hydrocarbon 

feedstocks under controlled process conditions depends mainly on the fundamental properties 



36 

 

of surface area, aggregate structure and surface chemistry [36,40,112]. In rubber reinforcement 

applications that account for nearly 93% of global CB utilisation [14,67], excellent porosity 

(i.e. high surface area and large pore volume) and low ash content play a vital role in enhancing 

the vulcanisation reactions as well as other mechanical properties [113,114]. Increasing CB 

surface area decreases the aggregate size, impact resistance and loading capacity. Still, it 

increases the tensile strength, iodine number, hardness, Mooney viscosity and mixing time in 

rubber compounds [114–116]. While the Mooney viscosity is defined as a shearing torque 

resisting rotation of a rotor disk embedded in rubber or rubber or elastomer within a cylindrical 

cavity, mixing time is the time required to achieve a certain degree of homogeneity of the 

rubber compound. Consequently, the technical classification of CB developed by the ASTM 

practically divides rubber-grade CB into ten groups according to their surface area [117]. N100 

and N200 series CB with a surface area between 100 and 150 m2g-1 are regarded as high 

reinforcement fillers with application in unique and off-road tyre products for which high 

abrasion resistance is required [40,117].   

Oxidative treatment using different oxidising agents (i.e. H2O2, O3, H2SO4, air, HNO3 and CO2) 

can alter either the textural properties (i.e. surface area and pore volume) or surface chemistry 

of the CB [36,87,118–120]. Due to crystalline inhomogeneity, several studies have shown that 

oxidation can preferentially remove the amorphous core while maintaining the ordered shell, 

forming a pore or hollow carbon nanospheres (HCNS) with applications as an adsorbent and 

electrode for batteries and supercapacitors [121–126]. Smith and Polley [127] demonstrated 

that consumption of the amorphous core during the oxidation of fine thermal CB at 600 °C for 

0.25 h under an air stream increased its surface area sixfold without altering the size of the 

particles. Sosa et al. [128] showed that the surface oxygen functional groups of Corax N326 

commercial CB increased after oxidation with either HNO3 or H2O2 but decreased with an 

increasing temperature from 400 to 600 °C after 1 h of oxidation using oxygen as an oxidiser. 
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The authors reported an increased surface area from 74.6 to 78.7 m2g-1 (at 400 °C) and 82.9 

m2g-1 (at 600 °C) for the latter [128]. A comparative study using different oxidising agents (i.e. 

4N-HNO3, O3, H2O2 and air) revealed that air oxidation significantly improved the surface area 

of the oxidised RCF CB product [129]. The authors reported a change in surface area from 99.5 

m2g-1 to 127.7 m2g-1 (at 250 °C) and 366.8 m2g-1 (at 400 °C) after 3 h of oxidation with air 

[129]. N330 CB upgraded using air oxidation treatment at 450 °C for 7 h creates a perforated 

mesoporous structure with an increased surface area from 87.4 m2g-1 to 753.2 m2g-1 [121]. For 

air oxidised commercial super-P CB black at 600 °C, it has been shown that the surface area 

and total pore volume, respectively, were significantly enhanced from 58 m2 g-1 to 240 m2g-1 

and 0.2 cm3g-1 to 0.6 cm3g-1 after ~ 1.8 h of oxidation [130]. In addition to increased surface 

area and pore volume, air oxidation can enhance the formation of oxygen functional groups on 

the surface of CB, improving its reactivity [129]. However, the formation of pores and/or 

HCNS from CB depends not only on the properties of the pristine CB (i.e. surface area, size of 

the amorphous core, and size of the basic structural unit) but also on the oxidation conditions 

(i.e. temperature, time, and oxidant concentration) [121,127,129–131]. In Fan et al. [121] and 

Lee et al. [130], the oxidation time only varied from 1 to 7 h and 0.3 to ~ 2 h as the temperature 

was kept constant at 450 °C and 600 °C, respectively. To the best of the authors’ knowledge, 

there has been no attempt in the open literature to upgrade the quality of CB from waste 

feedstocks, including STPO and HRF. Moreover, the effect of air oxidation temperature and 

time on the burn-off and other properties of oxidised CB, including BET surface area, pore 

volume, elemental compositions (C, H, S, and O) and oxygen functional group, have not been 

systematically studied.   
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2.9 Conclusions from the literature review and specific research objective of the 

thesis  

The literature review has shown that the current feedstocks utilised in CB production are 

dominantly fossil hydrocarbon resources, which account for nearly 60% of the total 

manufacturing cost of CB. In line with the cleaner production principle, there has been a 

growing interest in the use of feedstocks from recycled waste to produce CB. STPO, a typical 

example of waste feedstock obtained from the pyrolysis of the spent tyre, can be a feedstock 

for commercial CB production. STPO have similar physical and chemical properties, including 

density, kinematic viscosity, higher heating rate, sulphur, carbon and hydrogen content to 

conventional feedstocks widely utilised in CB production. Unfortunately, there is only one 

research on the use of STPO in CB production. Likewise, no study has attempted to use the 

HRF, a by-product of the distillation of STPO in CB production. There is also a lack of 

systematic research and in-depth knowledge of the effect of process variables on the yield and 

properties of CB produced from the STPO and HRF feedstocks. This PhD research study was 

aimed to valorise STPO and HRF by beneficially converting them to carbon products, 

including CB and hollow carbon nanosphere (HCNS). The specific objectives of this research 

were to: 

• Prepare CB from STPO and its heavy residue fraction (HRF) by partial oxidation in a 

simulated furnace black process. 

• Optimise the process variables, i.e., operating temperature, residence time and 

feedstock to oxygen ratio, using response surface methodology (RSM). 

• Characterise the CB products for physicochemical properties, including surface area, 

surface chemistry, and structural morphology using N2 adsorption and desorption, X-
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ray photoelectron spectroscopy (XPS) and high-resolution transmission electron 

microscopy (HRTEM) techniques. 

• Upgrade the CB products by controlled air oxidation and characterise the resultant 

products.  
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Chapter 3 Methodology, Approach and Techniques  

3.1 Introduction 

This chapter details the research methodology, approach and techniques employed to achieve 

the overall aims and specific research objectives outlined in Chapters 1 and 2. An overview of 

the research strategies is first given, followed by detailed descriptions and explanations of the 

experimental and analytical techniques, including experimental setup operational procedures, 

data analysis, independent validation, and data qualification. 

3.2 Overall research strategies  

The experimental works were focused on the effect of process variables (i.e., operating 

temperature, residence time, oxygen concentration or oxygen to feed ratio) on the yield and 

properties of CB from STPO and HRF feedstocks. Experiments on the purification of the 

prepared CB samples from STPO and HRF feedstocks using air oxidation were also 

accommodated. Figure 3.1 shows the schematic diagram of the research strategies adopted for 

the experimental study. There are two main experimental apparatuses used in the current study, 

i.e., a drop tube furnace for preparing CB from the STPO and HRF feedstock and the fixed bed 

reactor for the purification of the prepared CB samples via air oxidation. At first, a distillation 

column was used to separate the STPO into different fractions: the light cut-off fraction 

(benzene), a solvent fraction (toluene, styrene, and limonene), and a heavy residue fraction 

(HRF). Then, the physical and chemical properties of the STPO and the HRF were investigated. 

The STPO and HRF feedstocks were atomised and thermally decomposed in a high 

temperature drop tube furnace to yield CB. The effect of temperature, residence time of the 

inlet gas and inlet gas oxygen concentration on the yield and fundamental properties (i.e., 

textural and thermal properties, structural morphology and surface chemistry) of the resultant 
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CB was systematically investigated. These fundamental properties were used to assess CB 

quality.  Finally, the prepared CB from both feedstocks were oxidised by simple air oxidation 

in a fixed-bed reactor to polish the samples. Subsequently, the effect of oxidation temperature 

and time on the burn-off and other properties of the oxidised samples were studied 

systematically.  

 

Figure 3.1  An overview of the research strategies 

3.3 Material preparation  

The STPO was obtained from a proprietary thermal desorption unit that converts shredded tyres 

into oil, char, and gas by pyrolysis and liberates steel from the rubber. The industrial-scale 

retort process was operated in a vacuum environment with a throughput of 1000 kg.h-1 at 550 

°C. The typical yield of the pyrolysis products was 41% oil, 34% char, 13% gas and 12% steel. 

The pyrolysis oil was collected from Keshi Technologies Pty Ltd. and stored in the laboratory 

facility at room temperature. The hydrocarbon composition of the spent tyre pyrolysis oil used 

in this experiment was identified by GC-MS analysis was shown in Appendix Table 1A and 
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consisted of over 160 different hydrocarbons, notably toluene (13%), p-xylene (9.8%), 

ethylbenzene (4.7%), benzene (2.3%), benzothiazole (1.4%) and 3-methylthiophene (0.3%). 

Similarly, a distillation column separated the STPO into different fractions. A strategy was 

devised to separate and extract chemicals such as limonene, toluene, and benzene, considering 

their boiling points in the distillation column, as illustrated in Figure 3.2. The idea was to 

remove benzene (light fraction) and recover solvents with toluene and limonene at the highest 

boiling point (solvent fraction). The optimisation strategies aimed at finding (i) the temperature 

(T1) at which the distillate will have < 0.1% of benzene without losing too much toluene in the 

light fraction, (ii) the temperature (T2) that will result in high limonene recovery with less 

heavy fraction in the solvent fraction. The cut-off temperature range and the corresponding 

yield of the three fractions: the light cut-off fraction (benzene), a solvent fraction (toluene and 

dl-limonene), and the heavy residue fraction (HRF), are shown in Table 3.1.  

 

Figure 3.2 Temperature range of chemical and solvents in the spent tyre pyrolysis oil 

The HRF cut at temperatures above 210 °C is largely pentadecane, azulene, fluorene, and other 

hydrocarbons and, on its own, has little direct value. The STPO and the HRF were stored in a 

container before the experiment. Before the experiments, the feedstocks (STPO and HRF) were 

filtered using whatmanTM 1540-320 hardened ashless grade (8µm retention) to remove solids 
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that had caused clogging of the atomiser nozzle during initial trials. The properties of the as-

received STPO and its distilled HRF after filtration are shown in Table 3.2. 

Table 3.1  Composition of the fraction at optimal distillation cut temperature 

Fractions  Temperature range (°C) Yield (wt %) 

Light cut-off  Room temperature – 105 1.7±1.4 

Solvent fraction 106 – 210 32.6±1.8 

Heavy residue fraction (HRF) > 210 60.6±2.4 

 

Table 3.2  The properties of the spent pyrolysis oil and heavy residue fraction feedstocks 

Properties  STPO   HRF Method  

Water content (vol %) 0.43 0.20 ASTM D95 

Ash content (wt %) 0.012 0.011 ASTM D482 

Carbon (C) (wt %) 87.0 88.7  

ASTM D5291 Hydrogen (H) (wt %) 10.5 8.0 

Nitrogen (N) (wt %) 0.01 0.00 

Oxygen* (O) (wt %) 1.7 1.7  

Sulphur (S) (wt %) 0.7 1.5 ASTM D4294 

C/H ratio 8.3 0.92  

Density (kg m-3) 915 949 ASTM D1298 

Kinematic viscosity (cSt) 4.8 23.2 ASTM D445 

 *Calculated by difference O = 100 - (C+H+N+S) 

3.4 Experimental Set-up 

3.4.1 Drop tube furnace reactor for CB preparation 

A laboratory-scale drop tube furnace was used to simulate the commercial furnace black 

method of CB production. The drop tube furnace reactor consisted of a temperature-controlled 

furnace (50 mm ID and 800 mm length), an oil atomising system, a ceramic reactor made from 
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sintered Al2O3 (50 mm ID and 1200 mm in length), and a CB particle collection system. The 

temperature profile of the reaction chamber was calibrated before experimentation by sliding 

a radiation-shielded S-type thermocouple up and down at a given nominal operating 

temperature. The schematic of the experimental setup and a typical temperature profile of the 

reaction chamber profile when the furnace was set to operate at 1350 °C show an isothermal 

zone between 800 mm and 400 mm from the bottom of the furnace, shown in Figure 3.3. The 

filtered Keshi tyre oil was passed through a positive displacement piston-metering pump 

(Model 5976 Optos 2SM 1/8” Head SS) into an atomiser. The pump had a maximum pressure 

rating of ~ 414 bar and an adjustable flow rate setting operable between 0.01 to 10 mL min-1. 

The atomiser was an NPT precision micro-orifice made of 303 stainless-steel with an orifice 

diameter of 0.127 mm, a total length of 24.64 mm (i.e., nominal size 5) and a maximum 

operating pressure rating of ~ 276 bar. The line between the pump and the atomizer was made 

of a stainless-steel tube (1.59 mm OD and 1.02 mm ID) with a pressure rating of ~ 559 bar. 

The atomiser was screwed to a stainless-steel cap connector and attached to the upper end of 

the reactor. For the HRF experiments, a preheater (80 ± 3 °C) was also used to reduce the 

viscosity of HRF (from ~ 23 to 6 cSt) for easy atomisation, an issue identified during 

preliminary trials.  The stainless-steel cap connector had an inlet to attach lines conveying a 

nitrogen and oxygen mixture. In industrial CB manufacturing, oxygen is available for 

decomposing the feedstock in two forms: (i) dissolved oxygen inherent in the feedstock and 

(ii) excess oxygen associated with the combustion of the primary fuel. The dissolved oxygen 

content of the STPO and HRF was only ~ 1.7 wt %, so excess air was introduced to the carrier 

gas, effectively increasing the available oxygen concentration to between 5 and 21 vol %. 

Nitrogen was used as a carrier for the oxidising gas (air) to simulate industrial flue gas and 

evaluate the effect of oxygen concentration. At the bottom of the reactor chamber, a stainless-

steel back filter was cooled throughout the experiment with a water jacket heat exchanger 
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maintained at < 30 °C using a chiller. The gaps between the upper and lower end of the reaction 

chamber and the stainless cap and heat exchanger connector were sealed with Sikaseal silicon 

sealant and quartz wool, respectively. With the aid of the centrifugal fan, the CB particles were 

sucked into a collector bag.  

 

Figure 3.3 Schematic of experimental step-up used for the CB production 

A stable operation was typically achieved within five minutes of experimental start-up and 

confirmed via monitoring the composition of the gaseous reaction products. All the 

experiments were performed in triplicate to ensure the reproducibility of the presented results. 

Due to limitations on the atomiser size of the experimental setup and to ensure an even 

distribution of the atomised droplets, STPO and HRF feedstocks flow rates of 1 to 1.5 mL min-

1 and 2 to 3 mL min-1, respectively, could only be achieved during preliminary trials. Therefore, 

the feedstock flow rate was fixed at 1.5 ± 0.3 mL min-1 (for STPO in Chapter 4) and 3.0 ± 0.2 

mL min-1 (for HRF in Chapter 5) in the experimental runs. The residence time depends on the 
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temperature and the total gas flow rate. Therefore, to control the residence time in each 

experimental run, the total gas flow rate was varied for different temperatures.  

Table 3.3  Systematic experimental plan for the CB preparation using STPO feedstock 

Run  Variable A 

T (°C) 

Variable B 

tr (s) 

Variable C 

O2 concentration (vol %) 

1 1050 18.9 5 

2 1100 18.9 5 

3 1150 18.9 5 

5 1200 18.9 5 

6 1250 18.9 5 

7 1300 18.9 5 

8 1350 18.9 5 

9 1400 18.9 5 

10 1350 10.0 5 

11 1350 18.9 5 

12 1350 21.2 5 

13 1350 32.5 5 

14 1350 42.3 5 

15 1350 57.9 5 

16 1350 18.9 5 

17 1350 18.9 7.5 

18 1350 18.9 12 

19 1350 18.9 21 

 

For simplicity, operating temperature, residence time and inlet gas oxygen concentration are 

also referred to as T, tr, and O2 concentration, respectively, throughout. Where variables were 

fixed, they were always set as T 1350 °C, tr 18.9 s and 5% O2. For example, experiments with 

variables T: tr and O2 were fixed above. The experimental plan for CB preparation is shown in 

Tables 3.3 (for the STPO) and 3.4 (for the HRF) feedstocks. From Tables 3.3 and 3.4, the total 



47 

 

number of 57 and 51 experiments were required for the STPO and HRF feedstock, respectively, 

with three replications. In addition, response surface methodology (RSM) was also used to 

design new sets of experiments aimed at understanding the influence of these process variables 

(i.e., T, tr and O2 concentration) on the yield and properties of the resultant CB but also optimise 

the process variables. The process variable “oxygen concentration” was substituted with the 

ratio of the “oxygen to feed ratio (O/F)” for uniformity. 

Table 3.4  Systematic experimental plan for CB preparation using HRF feedstock 

Run  Variable A 

T (°C) 

Variable B 

tr (s) 

Variable C 

O2 concentration (vol %) 

1 1100 18.9 5 

2 1150 18.9 5 

3 1200 18.9 5 

5 1250 18.9 5 

6 1300 18.9 5 

7 1350 18.9 5 

8 1400 18.9 5 

9 1350 18.9 5 

10 1350 21.3 5 

11 1350 32.2 5 

12 1350 42.5 5 

13 1350 59.7 5 

14 1350 18.9 5 

15 1350 18.9 7.5 

16 1350 18.9 12 

17 1350 18.9 21 

 

RSM combined with Box-Behnken design (BBD) was applied to determine the best process 

variables for CB yield and quality (i.e., C content). The BBD is an independent quadratic design 
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in that it does not contain an embedded factorial or fractional factorial design; hence the 

treatment combinations are at the midpoints of the edges of the process space and the centre. 

These designs are rotatable (or near rotatable) and require 3 levels (-, 0 and +) of each factor. 

The process variables studied here were T (1100 to 1400 °C), tr (5 to 60 s) and O/F (174 to 

732), while the response was CB yield and C content. Table 3.5 shows the arrangement, and 

the coded range of the BBD performed. For each process variable, the 3 levels (-, 0 and +) 

denote the minimum, middle and maximum values, as shown in Table 3.5. CB quality was 

determined based on C content, considering that the ash content of the resultant CB products 

from both feedstocks is ≤ 0.2 wt % from Chapters 4 and 5. High elemental C content implies 

low H and other heteroatom impurities (i.e., S, N, and O), indicating better CB quality. 

Therefore, ash, H, and the other heteroatoms, although measured, were not considered in the 

experimental design. To study the relationship between the responses (i.e. (CB yield:𝑌1) and 

(carbon content:𝑌2)) and the three independent process variables, 26 experiments were required 

(considering one replication and one centre point) for each feedstock. Regression analysis was 

applied to fit the empirical model with the experimental data. The general form of the quadratic 

polynomial model was as follows [132]:  

𝑌 = 𝛽0 + ∑ 𝛽𝑖𝑥𝑖 + ∑ ∑ 𝛽𝑖𝑗𝑥𝑖𝑥𝑗 + ∑ 𝛽𝑖𝑖𝑥
2 +𝑘

𝑖=1
𝑘
𝑗=𝑖+1

𝑘−1
𝑖=1

𝑘
𝑖=1 𝜀    (1) 

where 𝑌 is the predicted response, 𝛽0 is the intercept, 𝑥𝑖 and 𝑥𝑗 are the coded values of the 

independent variables, 𝛽𝑖, is the linear term coefficient, 𝛽𝑖𝑗 is the interaction term coefficient, 

𝛽𝑖𝑖 is the quadratic term coefficients, 𝜀 is the model residue, and 𝑘 is the number of factors 

studied. The experimental CB yield and C content data were analysed using “JMP®” software 

(Version 15.2.0, SAS Institute Inc., Cary NC).  
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Table 3.5  Variables and their coded level for Box Behnken Design 

Process variable  Unit Code Levels 

- 0 + 

Temperature (T)  °C A 1100 1250 1400 

Residence time (tr)  s B 5 32.5 60 

Oxygen to feed ratio (O/F) - C 174  453 732 

 

An analysis of variance (ANOVA) was used to evaluate the model's fitness and identify 

interactions between process variables and responses. F-Ratio and P-values were used to assess 

the significance of the quadratic model for each feedstock. The F-Ratio is the ratio of explained 

variation (mean square model) to the unexplained variation (mean square error). An F-ratio 

value greater than 1 indicates that the model will explain at least some variation in the response. 

Therefore, the higher the F-Ratio value, the better the capability of the developed model to 

explain the variations in the response. Similarly, a model is said to be significant if 𝑃𝑟𝑜𝑏 > 𝐹 

(P-value) is less than 0.05 [133].  The coefficients of determination assessed the goodness of 

fit for the polynomial model,  𝑅2 and 𝑅𝑎𝑑𝑗
2 , according to Eqs. (2) and (3) respectively [134]: 

𝑅2 = 1 −
𝑆𝑆𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙

𝑆𝑆𝑚𝑜𝑑𝑒𝑙+𝑆𝑆𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙 
        (2) 

𝑅𝑎𝑑𝑗
2 = 1 −

𝑆𝑆𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙 𝐷𝐹𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙 ⁄

(𝑆𝑆𝑚𝑜𝑑𝑒𝑙+𝑆𝑆𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙 ) (𝐷𝐹𝑚𝑜𝑑𝑒𝑙+𝐷𝐹𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙)⁄
     (3) 

where 𝑆𝑆 and 𝐷𝐹 are the sum of squares and degrees of freedom, respectively.  

𝑅2 values that are closer to 1 indicate a model has a greater ability to predict responses that are 

closer to experimental values [135]. The closer the variation between the 𝑅2 and 𝑅𝑎𝑑𝑗
2 , the 

better the predicted model. Only terms with a P-value of < 0.05 from the ANOVA table are 

considered in the model. The model was then validated through a series of additional 

experiments [135,136]. 
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Table 3.6   Response surface design for CB preparation experiment 

Run  Variable  

 T (A) tr (B) O/F (C) 

1 1250(0) 5(-) 174(+) 

2 1250(0) 60(+) 732(-) 

3 1100(-) 5(-) 453(0) 

4 1250(0) 5(-) 732(-) 

5 1250(0) 32.5(0) 453(0) 

6 1100(-) 32.5(0) 732(-) 

7 1400(+) 5(-) 453(0) 

8 1100(-) 32.5(0) 174(+) 

9 1100(-) 32.5(0) 732(-) 

10 1100(-) 60(+) 453(0) 

11 1250(0) 60(+) 174(+) 

12 1100(-) 60(+) 453(0) 

13 1250(0) 60(+) 732(-) 

14 1250(0) 32.5(0) 453(0) 

15 1400(+) 60(+) 453(0) 

16 1250(0) 60(+) 174(+) 

17 1250(0) 5(-) 732(-) 

18 1100(-) 32.5(0) 174(+) 

19 1400(+) 32.5(0) 732(-) 

20 1400(+) 32.5(0) 732(-) 

21 1250(0) 5(-) 174(+) 

22 1400(+) 60(+) 453(0) 

23 1400(+) 5(-) 453(0) 

24 1400(+) 32.5(0) 174(+) 

25 1100(-) 5(-) 453(0) 

26 1400(+) 32.5(0) 174(+) 
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3.4.2 CB polishing by oxidation in a fixed bed reactor 

The CB purification experiments were performed in a vertical fixed-bed reactor (Figure 3.4) at 

various operating temperatures (300 – 700 °C at an increment of 50 °C) and oxidation time (1 

– 8 h at an increment of 1 h) under atmospheric pressure. The effect of oxidation time was 

examined at a fixed temperature of 500 °C following the experimental plan in Table 3.7. 

Likewise, the effect of temperature was assessed at a fixed oxidation time of 4 h.  

Table 3.7  Experimental plan for CB oxidation in a fixed bed reactor 

Run  Temperature (°C) Oxidation time (h) 

1 300 4 

2 350 4 

3 400 4 

4 450 4 

5 500 4 

6 550 4 

7 600 4 

8 650 4 

9 700 4 

10 500 1 

11 500 2 

12 500 3 

13 500 4 

14 500 5 

15 500 6 

16 500 7 

 

In a typical experimental run, 3g of CB sample was placed in a cylindrical quartz reactor (300 

mm length, 35 mm ID, and 38 mm OD with a porous sintered quartz disc to support the sample 
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powder) and heated to the desired temperature. At the same time, a flow of N2 was passed 

through the sample at a rate of 200 mL min-1 to maintain an inert atmosphere. When the reactor 

reached the set temperature, the gas was switched to air at the same flow rate of 200 mL min-1 

until a preset reaction time was achieved, at which point the gas was changed back to N2 until 

the reactor had cooled to room temperature. 

 

Figure 3.4 Schematic of experimental step-up for the CB polishing 

Two different CB samples were utilised in the oxidation experiments for HRF and STPO 

feedstock. The first two samples (D from STPO and E from HRF) were prepared at temperature 

(1350 °C), residence time (18.9 s) and oxygen concentration (5 vol %) following the 

experimental plan described in Chapters 4 and 5. The last two samples (F and G) are based on 

the optimal conditions obtained from the RSM model for both feedstocks at T, tr and O/F (i.e. 

F: 1331 °C, 60 s and 174 for STPO, and G: 1368 °C, 60 s and 174 for HRF) in Chapter 6. 

Therefore, the following naming convention was used: OXCB-sample-oxidation condition. For 

example, OXCB-D-500°C and OXCB-E-2h denoted oxidised STPO CB at 500 °C for 4 h and 
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oxidised HRF CB for 2h at 500 °C, respectively. To ensure repeatability of the results, the 

experiment under each set of conditions depicted in Table 3.7 was run in triplicate. 

3.5 Analyses and Characterisations 

The feedstock to CB yield (𝑌𝐸𝑋𝑃) in % by mass and the residence time (𝑡𝑟) in second were 

calculated according to  [12,62]: 

𝑌𝐸𝑋𝑃 = 100 (
𝑚𝐶𝐵

�̇�𝑓 × ∆𝑡 ×𝜌𝑓
)         (4) 

𝑡𝑟 = ∫
𝐴𝑖

𝑉0

𝑇1(𝑙)

𝑇0
𝑑𝑙          (5) 

where 𝑚𝐶𝐵 is the mass of the collected CB in g, �̇�𝑓 is the volumetric flow rate of the feedstock 

in mL min-1, ∆𝑡 is the duration of an experimental run in minutes, 𝜌𝑓 is the density of the 

feedstock in g mL-1, 𝑙 is the axial location in m, 𝐴𝑖  is the cross-sectional area of the reaction 

tube in m, 𝑇1 is the operating temperature in K, 𝑇0 is the room temperature (293 K) in K, 𝑉0 

is the total carrier gas flow rate in L min-1.  

For the CB purification experiment, the burn-off (𝑩𝒕) at the end of the reaction time t and 

average reaction rate (𝑅𝑟𝑡) in s-1 were determined according to:  

𝑩𝒕 = 100 × (𝑚𝑖 − 𝑚𝑡)/𝑚𝑖                       (6) 

𝑅𝑟𝑡 = 𝑩𝒕/𝑡 × 100                        (7) 

where 𝑚𝑖 is the initial mass of the CB sample in (g), 𝑚𝑡 is the mass in (g) of the sample 

remaining after reaction time t, and 𝑡 is the oxidation time in (s). 

The CB produced using STPO and HRF and the resultant products after their oxidation were 

characterised for textural, surface, morphological and thermal properties.  

• Proximate and ultimate analysis  
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Proximate analysis of the prepared CB and the oxidised CB samples from STPO and HRF were 

performed in a muffle furnace following ASTM standards D 1509-95 for the moisture and 

volatile contents, D 1506-99 for the ash content and the fixed carbon content was calculated by 

the difference. Ultimate analysis (C, H, N, and S) was determined using a ThermoFisher 

Scientific FlashSmartTM CHNS/O elemental analyser. Vanadium pentoxide (V2O5) was used 

as a catalyst, and the combustion was performed at a nominal temperature of 950 °C in 

ultrahigh purity (UHP) oxygen (99.995%) using UHP helium (99.999%) as a carrier gas.  

• Surface area and pore volume 

The nitrogen adsorption and desorption behaviour of the CB and oxidised CB samples were 

determined at -196 °C using a Micrometrics TriStar II 3020 instrument. Before each 

measurement, the sample was degassed under a vacuum at 200 °C for 24 h. The Brunauer-

Emmett-Teller (BET) surface area was determined across the adsorption range of P/P0 = 0.05 

- 0.2. The total pore volume was defined as the volume of nitrogen molecule adsorbed at a 

relative pressure of P/P0 = 0.97 [137].   

• CB morphology, particle size and aggregate shape configuration 

A thermophoretic probe was used to collect samples from the furnace reactor for high-

resolution transmission electron microscopy (HRTEM) analysis. The CB samples were 

collected on a lacey carbon copper grid (150 nm thickness, 300 mesh). The aggregate shape, 

particle size and structure were analysed using a Titan G2 80-200 FEG TEM/STEM equipped 

with ChemiSTEM technology. The grids were examined by HRTEM operating at 200 kV with 

a 70µm objective aperture to improve contrast, and each sample had at least 10 aggregate 

particles imaged per grid-square. The beam was kept diffused to limit the damage to the CB 

sample. The primary particle sizes were determined by imposing a circular shape in ImageJ 

over the primary particles isolated on the TEM micrograph. More than 1000 primary particles 

were imaged from six different grids with approximately 10 randomly imaged aggregates per 
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grid for each sample. This number of particles was considered sufficient to provide a statistical 

result based on previous research [58,138,139]. The lattice spacing values were obtained by 

subjecting high magnification HRTEM images to Fast Fourier Transform (FFT) analysis in 

ImageJ [140,141]. The method described in Figure 3.5 was adopted, using the TEM 

micrographs [142–144] to measure and classify the aggregate shape configuration of the CB 

samples. In the classification, the linear and branched aggregate shapes are termed complex 

CB, whereas spheroidal and ellipsoidal aggregate shapes are considered simple CB. 

Meanwhile, the oxidised CB samples were suspended in ethanol and dispersed via ultrasonic 

agitation to ensure particles were suitable for TEM analysis. The slurry was allowed to settle 

before a drop was collected via pipette and placed on a lacey carbon copper TEM grid (150 nm 

thickness, 300 mesh). To improve contrast, the grids were examined on a JEOL F200 TEM 

operating at 200 kV with a 40 µm objective aperture. 

• Surface chemistry  

The composition and chemical state of elements in the CB samples (including the oxidised 

ones) were analysed using a Kratos AXIS Ultra DLD X-ray photoelectron spectroscopy (XPS) 

spectrometer. The XPS was equipped with an Al-Kα X-ray source (1486.7 eV), and the 

spectrum was obtained over an energy range from 0 to 1200 eV. High-resolution spectra of C 

1s, O 1s, N 1s, S 2p, and Si 2p were obtained at a pass energy of 40 eV, and the CasaXPS 

software was used to analyse these spectra. 

• Thermal analysis   

Thermogravimetric analysis (TGA) is a technique used to record mass loss in a controlled 

environment as a function of increasing temperature. TGA provides information regarding the 

thermal stability and degradation of compounds or materials. Thermal profiles show the 

decomposition and weight loss of the samples with corresponding temperatures [145]. Weight 

changes occur due to thermal decomposition/devolatilisation of hydrocarbon contents of the 
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CB. The thermal behaviour of the CB was analysed using a thermogravimetric analyser (TGA, 

Q5000IR). Typically, a thin layer of the CB sample (~ 12 mg) was placed in an alumina crucible 

and heated under nitrogen and process air. The experiments were conducted in N2 at a flow of 

150 mL min-1 from room temperature to 550 °C at a ramp rate of 10 °C min-1 before being 

switched to process air at the same flow and ramp rate to facilitate combustion. While the 

experiments were conducted from room temperature to 850 °C, the mass and temperature of 

the samples were continuously recorded during the process. From the TGA profile results, the 

quality of the CB samples was inferred by calculating the volatile matter, moisture, ash, and 

fixed carbon contents (ASTM D7582-15 proximate analysis). 

• Off-gas compositions 

The composition of the exiting off-gas was measured using Agilent 78980A gas 

chromatography (GC). The GC was equipped with a Gas-Pro capillary column, a Haysep Q 

column; two 5A capped columns, two Haysep T columns, a Flame Ionisation Detector (FID; 

heater 200 °C, hydrogen flow: 30 mL min-1, air flow: 350 mL min-1, and make-up flow: 35.5 

mL min-1) and two thermal conductivity detectors (TCD; heater 200 and 250 °C, reference 

flow: 7 and 10 mL min-1, and makeup flow: 3 mL min-1). The gas samples were collected from 

the furnace reactor using a sampling syringe fitted with a Luer valve lock and transferred to the 

GC for analysis. The GC was then used to separate the sample into individual gas and identify 

their compositions.  

• Aggregate size distribution  

The aggregate size distribution was also measured using a laser diffractometer Malvern 

Mastersizer Micro MAF5000, which characterised particles from 0.05 to 550 microns. The 

prepared CB and oxidised CB samples were added to 550 mL of ultrapure water until the 

obscuration reading was between 10 and 13. 
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Unless otherwise stated, all the experiments and analytical measurements were performed in 

triplicate, and the data presented in the Tables and Figures are the average results with the 

standard error. Where the standard error was not included in the figures or tables, it simply 

means that the uncertainty in the measurement was less than 0.2%. Since the values are minimal 

and, therefore, are not shown in the Figures and Tables thereafter.  

 

Figure 3.5 Aggregate shape projection characteristics, criteria and classification categories 

[142–144] 

  



58 

 

Chapter 4 Preparation and characterisation of CB from STPO  

4.1 Introduction  

As identified in Chapter 2, Wójtowicz et al. [12] was the only study that reported the 

preparation of CB from STPO. However, their experimentation was performed at a single low 

temperature of 1100 °C with no systematic investigation into the effect of process variables, 

including operating temperature, residence time and oxygen concentration on the yield and 

quality (i.e., properties) of the resultant CB products. Chapter 4 presents the result of CB 

prepared using STPO as feedstock in a lab-scale drop tube furnace reactor. The atomised STPO 

was partially oxidised in the furnace reactor to yield CB in this experimental work. The effect 

of temperature, residence time and oxygen concentration were systematically evaluated (by 

varying one variable at a time) on the yield, off-gas concentration, surface area, pore volume, 

structural morphology, and surface chemistry of the resultant CB product. The outcome of this 

chapter is expected to improve the understanding of CB preparation by partial oxidation of 

STPO, particularly the influence of process variables on CB yield and the resultant product 

properties.  

4.2 Effect of process operating conditions on the CB yield  

The CB yield under various conditions is shown in Figure 4.1a-c. In addition, to explain the 

yield trend, the concentration of the off-gas with changing process variable was depicted in 

Figure 4.2a-c. From Figure 4.1a, increasing temperature increased the CB yield until 1350 °C, 

after which a further increase in the temperature led to a ~ 4% decrease in the CB yield. The 

increase in the yield was matched by a reduction in the overall volatile content of the CB (Table 

4.1). At 1050 and 1100 °C, the CB had a higher volatile matter and appeared to retain some 

unburnt oil, suggesting that these low temperatures may not be suitable for CB production 
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using STPO. Increasing the temperature to 1350 °C reduced the volatile component, implying 

that more oil was successfully converted to CB and explaining the increase in the yield. 

However, at a temperature of 1400 °C, the yield of the CB samples decreased despite low 

volatile content, indicating the carbon consumption rate was more significant than the carbon 

black formation rate. This was mainly due to the enhanced gasification and oxidation of CB at 

higher temperatures, as evident by the increased CO and H2 concentrations in the off-gas 

(Figure 4.2a). 

Conversely, there was a decreasing trend in the yield with increasing O2 concentration (~ 19% 

from 5 to 21% in Figure 4.1b) and residence time (~ 5% from 10 to 60 s in Figure 4.1c). Carbon 

monoxide and H2 were consistently predominant in the off-gas in all experiments (Figure 4.2d–

f), with traces of CO2 and CH4. However, there was a generally increasing CO and H2 with 

increased T, tr and O2 concentrations. The formation and chemical reactions within the reactor 

are numerous and complex. Still, they may follow the stages of CB formation: 1) polyaromatic 

hydrocarbons (PAHs) formation, 2) nucleation, 3) surface growth, 4) particle aggregation and 

5) oxidation. The gas-to-particle formation mechanisms of soot and CB are similar; hence the 

soot literature provides insight into CB formation [13]. Primarily, the incomplete combustion 

of atomised hydrocarbon oil in the presence of oxygen results in the formation of gaseous 

carbon precursors (polyaromatic hydrocarbons – PAHs) at elevated temperatures. The formed 

PAHs grow by means of a stepwise increase in the number of aromatic cycles through the 

HACA mechanism (hydrogen-abstraction carbon-addition) [13,146] via nucleation, which 

occurs within a very short time (an order of milliseconds). This may be followed by surface 

growth controlled by the collision of carbon nuclei (i.e. heterogeneous surface reactions), 

resulting in an increase in the carbon particle volume (via condensation of PAHs), coalescence 

of smaller spherical particles into larger ones, agglomeration of newly formed nuclei, [8,147] 

and the production of H2 [148], as seen in Figure 4.2.  
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Figure 4.1 The CB yield for different process variables (a) temperature, (b) O2 

concentration and (c) residence time 
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Figure 4.2 The off-gas concentration for different process variables (a) temperature, (b) O2 

concentration and (c) residence time 
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While the carbon aggregates, it may then participate in the oxidation reactions in Eqns. (4.1) 

to (4.3), where gas-phase species react with the surface of the C particles, resulting in the 

reduction of the C particle size and producing CO [148], as found in Figure 4.2. As the formed 

CB can still react with oxygen or carbon monoxide in the hot off-gas, there is expected to be a 

more significant decrease in the overall yield the longer the C particles remain in contact with 

hot off-gas [13,149]. At the same time, the water-gas shift reaction in Eqn. 8 has also been 

prevalent during CB formation [13,149].  

𝐻2 + 𝐶𝑂2  → 𝐶𝑂 + 𝐻2𝑂         (8)  

Oxidation of the CB particles by CO2, H2O and O2, produced during CB formation or the water-

gas shift reaction, may occur as long as the particles are in contact with the off-gas. The 

reactions in Eqn. 9 to 11 explain the decreased yield as tr and O2 concentration increase. 

𝐶 +
1

2
𝑂2 → 𝐶𝑂         (9) 

𝐶 + 𝐶𝑂2  → 2𝐶𝑂         (10) 

𝐶 + 𝐻2𝑂 → 𝐶𝑂 + 𝐻2         (11) 

Increasing T should also increase the rates of these reactions and would be expected to increase 

the H2 and CO and decrease CO2 production over the interval 1050 °C to 1400 °C (Figure 

4.2d). Increasing the O2 concentration should increase the rate of chemical reaction via 

intensified oxidation and enhance the occurrence of Boudouard and water-gas shift reactions 

(Eqns. 8 to 11). This explains the decreased yield and increased off-gas concentrations 

observed in Figures 4.1 (b) and 4.2 (b). Similarly, increased contact between the CB particles 

and the hot flue gas would be expected to increase off-gas concentrations and decrease CB 

yield, as was found in Figures 4.1 (c) and 4.2 (c), by allowing extended reaction of Eqns. 9 to 

11. Regardless of the process variable, the CB yield result ranged from 28 to 57% and was 

comparable to the reported yield obtained from other spent tyre pyrolysis oils, such as AFR 
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tyre oil, Conrad tyre oil and Metso tyre oil (21 – 58%) and a referenced commercial CB 

feedstock (Exxon bunker oil – 50%) [12]. 

4.3 Effect of process operating conditions on the CB quality  

Carbon black quality is, in part, determined by the total carbon, hydrogen and heteroatom 

content and the abundance of oxygen-containing functional groups. Generally, the higher the 

C content, the lower the hydrogen and heteroatom concentration and the better the quality CB. 

4.3.1 Surface chemistry and oxygen functional groups  

EA analysis results are shown in Figure 4.3 (a) to (c). The EA results indicate that total C 

ranges between 90.5 wt % and 98.6 wt % across all experiments (Figure 4.3a–c). The total C 

content increases, and H, O and S decrease as the T, tr and inlet O2 concentration are increased 

(Figure 4.3a–c). This is largely due to improved carbonisation and dehydrogenation (i.e., 

converting saturated hydrocarbons into unsaturated compounds). The elemental composition 

results from the XPS of O 1s (at 532 eV), C 1s (at 284 eV), S 2p (at 164 eV) and Si 2p (at 102 

eV) are similar to the results from the EA. In Figure 4.4 (a) to (c), C 1s (~ 92.3 – 97.4%) and 

O 1s (~ 2.4 – 7.2%) are the predominant elements on the CB samples, with trace S 2p and Si 

2p (typically < 1%). The C 1s increased with an increase in T and tr, most probably due to loss 

of aliphatic-C and centralisation of aromatic-C. Poly-condensed aromatic-C increased with 

increasing T and tr due to their highly stable structures [150,151]. However, when O2 

concentrations increased, the C 1s value of the XPS result was nearly the same (at ~ 95%), 

despite an apparent increase in total C in the EA. This could be explained by the decrease in 

total H as total C increases, which would be included in the C 1s value as 𝐶 − 𝐻, (𝐶 − 𝑂𝐻) 

and (𝐶𝑂𝑂𝐻). It may be expected that with an increased O2 concentration, the volatile matter 

content of the decomposing feedstock will significantly decrease, and C content will be 

enhanced (i.e. quality of the CB sample). The type and abundance of oxygen functional groups 
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on CB, such as carboxyl, hydroxyl, phenolic, and quinonic structures, control surface reactivity 

and, by extension, the performance by application of the CB.  

  

Figure 4.3 Change in the CB elemental composition by EA at different (a) temperature, (b) 

O2 concentration and (c) residence time. 
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Figure 4.4 Change in the CB elemental composition by XPS at different (a) temperature, 

(b) O2 concentration, and (c) residence time. 

Wetting, absorptivity, dispersibility, reinforcement ability and electrochemical reactivity 

behaviour of CB are primarily influenced by the chemisorbed oxygen, which is bound on the 

surface in the form of functional groups [87,118–120]. An XPS spectrum and de-convoluted 
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high-resolution C1s peaks for a CB sample produced at a T of 1100 °C, tr of 18.9 s and 5% O2 

concentration are shown in Figure 4.6 (a) and (b). The C1s spectra analysed by XPS revealed 

the presence of four peaks corresponding to (𝐶 − 𝐶 𝑜𝑟 𝐶 − 𝐻) groups, hydroxyl (𝐶 − 𝑂𝐻) 

groups, carbonyl (𝐶 = 𝑂) groups and carboxyl (𝐶𝑂𝑂𝐻) groups fitted at 284.30 – 284.8 eV, 

285.4 – 286.4 eV, 286.8 – 287.8 eV and 288.9 – 289.4 eV, respectively [152], in all CB 

samples. Figure 4.5 (a) to (c) shows the change of these functional groups from CB samples, 

as determined by XPS, as a function of the process variables.  

Typically, the 𝐶 − 𝐶 peak describes the surface characteristic of the sample under analysis. 

The 𝐶 − 𝐶 peak in Figure 4.6 (b) yields information about the polyaromatic character of the 

CB samples. Asymmetric 𝐶 − 𝐶 peaks are associated with the compounds with large 

polyaromatic, graphite-like domains on the surface (such as CB). In contrast, the 𝐶 − 𝐶 peaks 

of small aromatic compounds (such as Coronene) and aliphatic compounds are more 

symmetrical [153]. The asymmetric shape of the 𝐶 − 𝐶 peaks found in these samples indicate 

that the CB are dominated by aromatics. The results indicate that the total oxygen functional 

groups on the surface of CB prepared from spent tyre pyrolysis oil ranges from ~ 42 to 74%, 

with the hydroxyl group (𝐶 − 𝑂𝐻) being the predominant oxygen group. The abundance of 

hydroxyl functional groups increased with increasing tr but decreased with increasing T and O2 

concentration. This may be attributed to either the loss of functional groups via dehydration 

and decarboxylation reactions or the fact that highly condensed structures lack normal mode 

vibration [154]. The carbonyl and carboxyl groups generally remained stable as the T, tr and 

O2 concentrations increased, demonstrating limited effect from operation parameters. The 

range for the (𝐶 − 𝐶) , (𝐶 − 𝑂𝐻) and (𝐶 = 𝑂) functional groups obtained in this study are 26 

– 51%, 26 – 52%, and 8 – 13%, and compare favourably with commercial CB [155,156]. 

However, the carboxyl groups (~ 9 – 18%) were higher in the CB produced from the Keshi 
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tyre oil relative to values for commercial products reported in the literature (~ 3 – 5%; 

[155,156]. 

  

Figure 4.5 Change in functional groups by XPS at different (a) temperature, (b) O2 

concentration, and (c) residence time. 
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Figure 4.6 XPS result of a CB sample (1100 °C T, 18.9 s tr, and 5 vol % O2) (a) full-

spectrum, and (b) de-convoluted high-resolution C1s peaks) 

The elevated carboxyl groups indicate more oxidation, possibly due to longer tr (up to 60 s) 

than typical of commercial CB production (up to 900 ms). However, given the high carboxyl 

group content, CB from spent tyre pyrolysis oil may be expected to promote strong bonding 

and ensure stability if used as a substitute for commercial products during rubber applications. 

This is because carboxyl acid functional groups produced from the oxidation of aldehydes and 

hydrocarbons provide dispersed CB stability during application [157]. Furthermore, oxygen 

groups (especially acidic groups) are known to improve the interaction of the polymer matrix 

and the CB and promote bonding [157]. 

4.3.2 Textural appearance and thermal properties 

BET surface area is often used to indicate the rubber reinforcement capabilities of CB. From 

the N2 adsorption and desorption isotherms that exhibit a reversible Type II curve (Figure 4.7) 

and the calculated BET surface area and pore volume (Table 4.2), the CB prepared from spent 

tyre pyrolysis oil are typical macroporous materials [158]. Regardless of the process variables, 
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the range of value for the BET surface area and pore volume is 3.8 – 22.3 m2 g-1 and 0.0044 – 

0.061 cm3g-1, respectively, from Table 4.1.  

 

Figure 4.7 N2 adsorption and desorption isotherms of CB at different (a) T, (b) O2 

concentration and (c) tr 
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The BET surface area and pore volume increased with an increase in T and inlet O2 

concentration. The pore size distribution of the samples is also shown in Figure 4.8. 

 

Figure 4.8 Pore size distribution of the CB samples under different process variables 

The increasing BET surface area with increasing T and O2 concentration may be due to 

increased Boudouard and water-gas reactions that may expose the surface carbon to increased 
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gasification. During the gasification of CB, new pores are formed, and existing pores may be 

widened, resulting in higher BET surface area and porosity [36].  

Table 4.1  Textural results of the CB samples from spent tyre pyrolysis oil (with fixed 

variables at 5% O2, 18.9 s tr, and 1350 °C T) 

Process variables 

BET analysis 

Surface area (m2g-1) Pore volume (cm3g-1) 

Operating 

temperature 

(°C) 

1050 3.82 0.004 

1100 9.09 0.013 

1150 13.67 0.022 

1200 14.02 0.024 

1250 16.22 0.032 

1300 17.60 0.034 

1350 19.48 0.048 

1400 20.68 0.053 

Inlet O2 

concentration 

(%) 

5.0 19.48 0.048 

7.5 17.44 0.053 

12.0 17.63 0.052 

21.0 22.27 0.061 

Residence 

time (s) 

10.0 18.89 0.055 

18.9 19.48 0.048 

21.3 20.37 0.046 

32.2 15.30 0.039 

42.5 10.7 0.025 

59.7 11.84 0.027 

 

The TGA profile of the CB samples is also presented in Figure 4.9.  Regardless of the process 

variables, the range of value volatile matter, ash, moisture, and fixed carbon contents are 0.6 – 

11.5%, 0.02 – 0.14%, 0.2 – 2.3% and 86.2 – 99.2% respectively from Table 4.3. CB samples 

produced at lower T (1050 to 1150 °C) have a high volatile matter associated with unburnt 

hydrocarbon compounds trapped in the surface structure (as seen in the TGA results in Table 

4.2). According to Pantea et al. [159], the volatile matter that may be trapped within the void 

space between primary particles can block a portion of the active surface and prevent the 
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development of pores. The results and trends in surface area are similar to those reported by 

Wójtowicz et al. [12]. They only achieved a surface area of 7 to 33 m2g-1 using different spent 

tyre pyrolysis oil and conventional CB feedstock (Exxon bunker oil). The similar features noted 

during CB production by conventional feedstocks under similar conditions demonstrated that 

BET surface area value might be more closely related to the experimental system, particularly 

tr, rather than the decomposing feedstock [12].  

Table 4.2 Proximate results of the CB samples from spent tyre pyrolysis oil (with fixed 

variables at 5% O2, 18.9 s tr and 1350 °C T) 

Process variables 

Proximate analysis 

Moisture 

content (%) 

Volatile matter 

content (%) 

Ash content 

(%) 

Fixed carbon  

content (%) 

Temperature 

(°C) 

1050 2.27 11.49 0.03 86.22 

1100 1.43 5.47 0.14 92.96 

1150 0.23 5.37 0.03 94.37 

1200 0.61 3.01 0.06 96.33 

1250 0.38 2.52 0.10 97.00 

1300 0.21 1.99 0.05 97.75 

1350 0.21 1.73 0.02 98.05 

1400 0.21 0.59 0.03 99.18 

Inlet O2 

concentration 

(%) 

5.0 0.21 1.73 0.02 98.05 

7.5 0.22 0.58 0.11 99.10 

12.0 0.21 0.59 0.03 99.18 

21.0 0.20 0.55 0.03 99.22 

Residence 

time (s) 

10.0 0.20 1.75 0.02 98.03 

18.9 0.21 1.73 0.02 98.05 

21.3 0.21 0.82 0.05 98.93 

32.2 0.25 1.55 0.02 98.18 

42.5 0.32 1.57 0.12 97.99 

59.7 0.19 1.50 0.10 98.21 

 

The typical tr of gas in the reactor for most commercial CB furnace production is 8 to 900 

milliseconds [149]. In the case of this study, the extended tr (up to 60 s) may have had a 

significant effect on nucleation conditions that led to low surface area and pore volume. 
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Figure 4.9  TGA profiles of the CB samples under different experimental conditions 

The BET surface areas presented in Table 4.2 are also within the value range reported in the 

literature for commercial CB (12 – 240 m2g-1) produced from fossil fuel feedstocks using 

furnace technology [33], except for the CB samples produced at 1050 and 1100 °C and 42.5 

and 59.7 s. The BET surface area results (10.8 - 22.3 m2g-1) of samples produced above a 
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temperature of 1100 °C are consistent with group number 7 and 8 commercial CBs (11 to 32 

m2g-1) based on ASTM classifications [40,160]. Group 7 to 9 rubber grade CB are considered 

medium to low reinforcement fillers in rubber production [40,117,160].  

4.3.3 Structural morphology and aggregate configuration  

The size of the primary particle and the shape of the aggregates are properties used to assess 

the suitable application of CB, as CBs with low mean primary particle size (< 100 nm) are 

known to show better reinforcement capability [117]. Representative TEM micrographs at 

high-magnification and low-magnification for select samples are shown in Figures 4.10 (a) to 

(d) and 4.11 (a) to (c). The samples generally exhibited grape-like and fractal aggregates, 

typical of CB. The primary particle size distribution of the CB samples is shown in Figure 4.12 

a-c, which indicates that, regardless of process variables, the CB primary particle size displayed 

a typical Gaussian distribution. The mean primary particle size and lattice spacing are given in 

Table 4.3. With an increase in the tr from ~ 19 to 60 s, the mean primary particle size increased 

from ~ 124 to 176 nm. This may be expected, as longer tr would allow CB particles to grow 

via nuclei collision [33,49]. Likewise, the mean primary particle size of the CB samples 

decreased from ~ 124 to 92 nm and from ~ 151 to 92 nm when the inlet O2 concentration and 

T were increased from 5 to 21% and 1200 to 1400 °C, respectively. This may be as expected 

because increasing the O2 concentration and T will increase the rate of the chemical reactions, 

which will, in turn, improve CB nucleation conditions, leading to the production of CB with 

small primary particle sizes. Regardless of the process variables, the mean primary particle size 

of the CB from spent tyre pyrolysis oil ranges from ~ 92 to 176 nm, within range of CB particle 

sizes reported from Metso and Conrad spent tyre oil feedstocks (~ 62 to 139 nm) and the 

conventional Exxon bunker oil (141 nm) feedstock [12]. Note that the upper value here is 

higher than the upper limit obtained from Metso and Conrad spent tyre oil feedstocks because 

of longer tr (18.9 to ~ 60 s) in this study compare to (5 to 20 s) Wójtowicz et al. [12]. 
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The lattice spacing (d-spacing) of the carbon “onion” layers ranges from 0.358±0.02 to 

0.370±0.02 nm (Figures 4.10a–d and 4.11a–c), similar to the spacing of 0.335 nm for graphite, 

which indicates that the CB samples are partially graphitised [13]. The lattice spacing 

decreased with increasing T, suggesting that the CB samples became more graphitised at a 

higher T. The result of the aggregate configuration of the CB samples in Figure 4.13a-c 

demonstrates the existence of linear, spheroidal, ellipsoidal, and branched shapes.  

 

Figure 4.10 TEM micrographs of CB particles under different process conditions ((a) 5% at 

18.9 s (b) 7.5% at 18.9 s and (c) 21% O2 at 18.9 s and (d) 59.7 s at 5% O2)). 

Temperature (1350 °C) was fixed. 

The predominantly linear and branched shapes observed indicate that the CB aggregate 

obtained from spent tyre pyrolysis oil was very complex, suggesting a high structure. This was 

probably due to different aromatic, aliphatic and heteroatom compounds in the decomposing 

feedstock. The complexity increased from 47.70% to 84.62 %, 65.54% to 74.51%, and 65.54% 

to 85.43% with increasing T (1200 to 1400 °C), tr (18.9 to 60 s), and O2 concentration (5 to 
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21%), respectively. This observation confirms the initial assertion that the collision rate 

increased because of the increase in nuclei.  

 

Figure 4.11 TEM micrographs of CB primary particles with variable T (a) 1400 °C, (b) 1300 

°C, and (c) 1200 °C, tr (18.9 s) and O2 concentration (5%) were fixed. 

Commercial CBs with an average particle size range between 61 and 200 nm generally 

demonstrate medium reinforcement, high elongation, high resilience and low compression set, 

making them suitable for use in mechanical goods, footwear, inner tubes and floor mats [40].  
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Figure 4.12 Primary particle size distribution of the CB samples due to changing process 

variables 
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Figure 4.13  Aggregate shape of the CB samples due to change in the process variables. 

At higher T (1400 °C) and O2 concentration (21%), the observed BET surface area, particle 

size distribution (PSD), average primary particle size diameter, surface chemistry, and high 
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structure (i.e., complex aggregate shape configuration) of the CB from spent tyre pyrolysis oil 

are, again, comparable to commercial grade 7 to 8 CB. 

Table 4.3  Structural parameters of the CB samples prepared from spent tyre pyrolysis oil 

Process variables Mean particle 

diameter (nm) 

Mean lattice 

spacing (nm) 

Reference  

Temperature (°C) 1200 150.52 0.370  

1300 124.42 0.364  

 

 

This study  

1350 123.98 0.360 

1400 91.58 0.358 

Inlet Oxygen 

concentration (vol %) 

5 123.98 0.360 

7.5 99.62 0.358 

21 92.43 0.359 

Residence time (s) 18.9 123.98 0.370 

59.7 176.41 0.368  

Different STPO feedstocks at T: 1100 °C 62 - 139 - [12] 

Exxon bunker oil at T: 1100 °C 141 - 

N990 MT (medium thermal)  250 - 500 0.363  

[36,161] N880 FT (fine thermal)  150 - 200 - 

N770 SRF (semi-reinforcing furnace) 71 - 96 - 

N762  107 - [36] 

N660  67 -  

 

4.4 Summary  

A systematic investigation into the preparation of carbon black (CB) from spent tyre pyrolysis 

oil was successfully conducted, revealing the effect of key process variables on the yield and 

properties of CB. The operating temperature seems to be the most influential factor determining 

the CB yield and properties. Increasing the temperature improved the overall quality (i.e. lower 

volatiles and ash, higher C and aggregate structure, smaller primary particles) and yield of the 

CB by increasing feedstock conversion and the rate of reactions. Increasing the residence time 

and oxygen concentration typically resulted in lower CB yields due to increased oxidation and 

gasification but improved CB quality. The CB quality, assessed in terms of BET surface area, 
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C content, primary particle size, volatile matter and ash contents, are comparable to commercial 

CB products. The higher presence of acidic carboxyl functional groups on the CB surface than 

on commercial products indicates extreme reactivity. It could be advantageous in 

reinforcement, absorptivity, and electrochemical applications. However, improving the CB 

quality at the expense of the yield as residence time and O2 concentration increased or 

temperature exceeded 1350 °C suggests the need for a trade-off between quality and quantity. 
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Chapter 5 Preparation and characterisation of CB from HRF of STPO  

5.1 Introduction 

As discussed in Chapter 2, pyrolysis oil from spent tyres may have applications as a feedstock 

for solid products, chemicals, and solvents. However, the application of STPO with the most 

significant economic potential is the recovery of the “light” and “solvent” oil fractions via 

distillation, which contain dl-limonene, toluene, styrene, indene and xylene [16,108–111]. 

After the extraction of these high-value chemicals, the heavier fraction or “heavy residue 

fraction (HRF)” remains. This is problematic as HRF requires additional, costly treatment 

before disposal. An alternative is HRF as a feedstock for CB production, as it contains high 

amounts of polycyclic aromatic hydrocarbons (PAHs). No prior studies have attempted to use 

HRF as a feedstock for higher-value solid products. The HRF, the least profitable fraction of 

STPO, has similar properties to more conventional CB feedstocks. Its utilisation may improve 

the economic feasibility of STPO production and promote the production of CB from waste 

resources. Therefore, this Chapter will utilise this waste product as a feedstock for CB 

preparation. This work also presents a systematic experimental investigation into the effect of 

process variables on the yield and quality of CB from the HRF. BET surface area, functional 

groups, C content, heteroatoms, ash content, volatile matter, aggregate shape configuration, 

thermal behaviour, and the mean primary particle diameter were used to assess the quality of 

the CB.  

5.2 Effect of process operating conditions on the CB yield from HRF  

The CB yield is a crucial factor in the economic feasibility of any feedstock to CB conversion 

process. Even a product of high quality and wide application becomes unfeasible if feedstock 

conversion to product is low. Using HRF, CB yield was typically in the range of 38 – 60% and 
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strongly affected by changes in the process variables, including T, tr and O2 concentration. CB 

yield increased from ~ 41 – 60 wt % with an operating temperature of 1100 – 1350 °C (Figure 

5.1a).  

  

Figure 5.1 The yield of CB due to changes in the process variables (a) temperature, (b) O2 

concentration and (c) tr. 

The increased CB yield with temperature (Figure 5.1a) occurred because of the enhanced 

conversion of volatile matter into CB. 
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Figure 5.2 The off-gas analysis due to changes in the process variables (a) temperature, (b) 

O2 concentration and (c) tr. 

However, a closer inspection in Figure 5.1a reveals that yield only increased until 1350 °C (~ 

60%), after which an additional 50 °C increase in T decreased the CB yield by ~ 5%. 

Conversely, longer tr (18.9 – 59.7 s) or higher oxygen concentration (5 – 21 vol %) decreased 
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the yield from ~ 60 to 50 wt % and ~ 60 to 38 wt %, respectively (Figure 5.1b–c), with high 

O2 producing the lowest yields of any condition. The slight decrease in yield may result from 

the consumption of CB by extended contact with the hot reactive gases when residence times 

are longer. In the case of O2 concentration, higher O2 will inevitably lead to gasification of CB 

by O2, CO2 and H2O. Figure 5.2 (a to c) presents the off-gas concentration from each 

experimental run to further explain the observed CB yield trends. Hydrogen and carbon 

monoxide (CO) were the main constituents of the off-gas. The concentration of hydrogen gas 

was consistently higher than carbon monoxide and increased with an increase in the T, tr and 

O2 concentration (Figure 5.2a-c). Figure 5.2 (a-c) also shows that along with the hydrogen and 

carbon monoxide, the off-gases included traces of methane and carbon dioxide, decreasing with 

increasing T but increasing as tr and O2 concentration increased.  

As such, the conversion of the feedstock droplets into CB may be approximated by the 

following reversible reactions [13,41]: 

𝐶 + 𝐶𝑂2  ↔ 2𝐶𝑂                        ∆𝐻298
° = 175.5 𝑘𝐽 𝑚𝑜𝑙−1    (12) 

𝐶 + 𝐻2𝑂 ↔  𝐶𝑂 + 𝐻2            ∆𝐻298
° = 131.2 𝑘𝐽 𝑚𝑜𝑙−1    (13) 

𝐶𝑂 + 𝐻2𝑂 ↔ 𝐻2 + 𝐶𝑂2          ∆𝐻298
° = −41.2 𝑘𝐽 𝑚𝑜𝑙−1    (14) 

The similar increase of H2 and CO at the expense of CO2 with increasing T implies that 

reactions 12 and 13 were likely to be dominant. The forward reactions 12 and 13 producing 

CO and H2 are favoured with increasing T [13,162]. The greater increase of H2 relative to all 

other off-gases with increased O2 concentration implies that water-gas shift reactions were 

likely to be dominated, and CO was consumed. Again, all gas concentrations increased with 

increased tr, suggesting reactions 12 to 14 were in effect. As such, the decreasing yields at very 

high temperatures, high oxygen concentration (Figure 5.1b) and extended residence time 

(Figure 5.1c) may be explained by greater reactivity between CB and either oxygen or carbon 
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monoxide (Figure 5.2a-c). Similar trends have been observed in other lignocellulose biomass 

and spent tyre pyrolysis oil feedstock [12,13].  

5.3 Effect of process operating conditions on the CB quality  

CB quality was determined based on the elemental composition and morphological 

characteristics. High elemental C content, low ash content, low H and heteroatom impurities 

(i.e., S, N, and O), low volatile matter content, complex aggregate configuration, small mean 

particle size, and high BET surface area were used as indicators of better quality CB. 

5.3.1 Elemental composition and functional groups  

The elemental composition is one of the most fundamental yet vital properties of CB, relying 

on high C contents with low H and other heteroatom impurities. The elemental composition of 

the CB samples under different conditions from both EA and XPS are presented in Figures 5.3 

and 5.4, respectively. Both methods agreed and show general correlations between changes in 

C, H, S, Si and O with changing process variables, with the most substantial changes related to 

the operating temperature. At higher temperatures, C content increased (90 – 98 wt %), while 

H (1.2 – 0.2 wt %), S (1.1 – 0.4 wt %) and O (7.8 – 1.4 wt %) contents decreased. The improved 

C content of the CB with increasing temperature, tr and O2 concentration at the expense of H 

and other heteroatoms (S and O) is likely due to the effect of carbonisation, loss of aliphatic-C 

and centralisation of aromatic-C. Poly-condensed aromatic-C has more stable structures and 

increases with increasing temperature, oxygen concentration and tr [150,151]. The Si content 

from the XPS analysis ranged from 0.1 to 0.4% in all the experiments. Furthermore, the loss 

of heteroatoms was substantially enhanced as the T was increased. For example, the S content 

of the prepared CB sample was relatively small (≤ 1 wt %) compared to the S of the 

decomposing feedstock (~ 1.5 wt %).  
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Figure 5.3 Change in the CB elemental composition by EA at different (a) T (b) O2 

concentration and (c) tr. 

Similar trends were found with increasing tr and oxygen concentration, as longer contact time 

or higher availability of O2 increased the chemical reaction rate. The increase in C content with 

increasing O2 concentration and tr may be attributed to carbonisation.  
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Figure 5.4 Change in the CB elemental composition by XPS at different (a) T, (b) O2 

concentration and (c) tr. 

Overall, the C (93.9 – 98.9%), H (0.2 – 0.7%), S (0.1 – 0.7%), O (0.7 – 5.7%) and Si (0.0 – 

0.3%) contents were within the range of the commercial products at temperature (above 1150 

°C), tr (18.9 – 60 s) and O2 concentration (5 – 21% vol), indicating the suitability of the 

feedstock for CB production. Surface functional groups also play an important role in 
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determining the quality and application of the CB. The XPS spectrum and deconvoluted high-

resolution C1s peaks of a representative result of a CB sample (1350 °C T, 18.9 s tr and 5% 

O2) are shown in Figure 5.5.  

 

Figure 5.5  Representative XPS result of a CB sample (1350 °C T, 18.9 s tr and 5% O2), (a) 

full-spectrum and (b) deconvoluted high-resolution C1s peaks. 

While Figure 5a depicted the peaks for the elemental compositions for C, O, Si and S, Figure 

5.5 (b) showed that the surface of the CB sample contains polyaromatic 𝐶 − 𝐶, hydroxyl (𝐶 −

𝑂𝐻), carbonyl (𝐶 = 𝑂) and carboxyl (𝐶𝑂𝑂𝐻) functional groups. The asymmetric shape of the 

𝐶 − 𝐶 bond shown in Figure 5.5 (b) indicates polyaromatic hydrocarbons, a typical 

characteristic of CB particles [153,159,163]. The prevalence of hydroxyl, carbonyl and 

carboxyl functional groups in CB reduces the surface's hydrophobic nature, which in turn 

enhances the active electrochemical surface area and phase dispersion [164,165]. The 

composition of the functional group as a function of the process variable is depicted in Figure 

5.6.  
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Figure 5.6 Change in the CB functional groups according to XPS at different process 

variables (a) T, (b) O2 concentration and (c) tr. 

From Figure 5.6 (a) to (c), the values for the 𝐶 − 𝐶, 𝐶 − 𝑂𝐻,   and 𝐶 = 𝑂 groups (31 – 46%,  

30 – 48%, and ~ 11 – 13%, respectively) produced from the HRF overlap with commercial CB 

values reported elsewhere (~ 42 – 92%, 0 – 38%, and 0 – 16%, respectively; [155,156,163]. 
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Notably, the abundance of the 𝐶𝑂𝑂𝐻 functional group in HRF-CB is consistently higher (~ 11 

– 13%) than commercial CB (0 – 5%). The high 𝐶𝑂𝑂𝐻 may be a product of CB surface 

oxidation at long tr, which is much higher in the present study (second) than those used in most 

commercial CB production (millisecond) [36]. The abundance of carboxyl groups in CB from 

HRF may be beneficial, as high 𝐶𝑂𝑂𝐻 promotes stronger bonding of other compounds on CB 

surfaces and ensures colloidal stability for easy handling and processing [157]. 

5.3.2 Textural appearance and thermal properties  

Surface area and porosity determine reinforcing behaviour and mechanical properties during 

applications and are critical parameters in determining the effectiveness of CB production. The 

BET surface area and pore volume were calculated from the adsorption and desorption 

isotherms, and the pore size distribution for all CB samples was shown in Figures 5.7 and 5.8, 

respectively. Regardless of the process variables, the range of values for the BET surface area 

and pore volume were 8.4 – 24.2 m2g-1 and 0.012 – 0.045 cm3g-1, respectively. The BET surface 

areas were comparable to results (7 – 33 m2g-1) reported by Wójtowicz et al. [12] for different 

spent tyre pyrolysis oil and known CB commercial feedstock. BET surface area and pore 

volume increased with increasing temperature or oxygen concentration due to progressive 

degradation of the organic matter in the feedstock. The increasing BET surface area with 

increasing T and oxygen concentration indicates improvement in the reinforcing capability of 

the CB samples [116]. More interestingly, longer tr resulted in lower BET surface area and pore 

volumes – an opposite trend observed in the total C content. Although longer tr allows the 

conversion of the volatile matter (evident from the proximate analysis results), it also permits 

more surface growth resulting in slightly lower BET surface area (i.e., from 12.9 m2g-1 at 18.9 

s to 11.1 m2g-1 at 59.7 s) and pore volume (from 0.029 cm3g-1 at 18.9 s to 0.021 cm3g-1 at 59.7 

s) in Table 5.1.  
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Figure 5.7 N2 adsorption & desorption isotherms of the CB samples under different process 

conditions (a) T, (b) O2 conc., and (c) tr. 
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Figure 5.8 Pore size distribution of the CB samples under different process variables. 

The pore size distribution of the CB samples for all the process variables is shown in Figure 

5.8 (a-c). Furthermore, the observed decrease in BET surface area (~15%) with increasing tr 

(from 18.9 to 60 s) is consistent with the observations of Shurupov [79] for different 

hydrocarbon-based feedstock. Increasing the tr enhances the collision of nascent nucleation 

particles, which tend to fill the voids in the CB aggregates [82]. There is less opportunity for 
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this aggregation at shorter tr, and CB particles attain a large surface area and pore volume [82]. 

At temperatures above 1150 °C, the BET surface area results (~ 11 – 24.2 m2 g-1) were 

consistent with group number 7 and 8 commercial CBs (11 – 32 m2 g-1; [40,160], and so may 

act as a substitute reinforcing agent during rubber production. Nevertheless, surface area alone 

does not necessarily predict performance [91,92], as other physicochemical indicators 

(including surface groups, volatile matter content and mean primary particle diameter) affect 

the functional application. Thermal behaviour predicts the ability of the CB to withstand heat 

treatment, such as curing or vulcanisation, during application. The thermal behaviour is 

particularly important as CB is mainly utilised as fillers in elastomeric compounds 

characterised by low degradation temperature. TGA curves for all samples are shown in Figure 

5.9a-c, and the results are summarised in Table 5.2. The temperature at which each sample 

loses 5, 10 and 50% of its weight (T5%, T10% and T50%, respectively) indicates the CB samples' 

thermal stability [166,167]. Higher temperatures for each weight loss stage imply higher 

thermal stability and conductivity, and vice versa [167]. For instance, the addition of N774 CB 

with good thermal stability reportedly improved the thermal degradation of acrylonitrile 

butadiene styrene rubber by ~ 26% at 600 °C [168]. In all the experiments, temperatures above 

500 °C are required to degrade at least 5% of the CB sample weight (Table 5.2). Regardless of 

the process conditions, the thermal stability of the CB samples ranged from 502 °C to 669 °C 

(T5%), 540 °C to 680 °C (T10%) and 597 °C to 717 °C (T50%), respectively. In all cases, when 

temperature, tr or O2 concentration had increased, the T5%, T10% and T50% values also 

increased, implying better thermal stability. The operating temperature demonstrated the most 

significant change in T5%, T10% and T50%. However, it should be noted that this may reflect the 

broader range of process variation compared to either tr or O2 concentration value. Nonetheless, 

the highest values for T5%, T10% and T50% were found at the highest O2 concentration (669 °C, 

680 °C and 717 °C), implying better CB quality at higher O2.  
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Figure 5.9  TGA profile of the CB samples under different process variables 

The inferred proximate parameters from the TGA measurement are consistent with the 

measurement obtained from the muffle furnace following ASTM standards, with an error 

margin of less than 2%. The effect of T produced the broadest range of volatile content (1.6 – 

52.7 wt %), while the ranges with tr (0.8 – 2.3 wt %) and O2 concentration (0.8 – 2.3 wt %) 

were reasonably minimal. The volatile matter content of CB samples produced at a process 
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temperature of 1100 and 1150 °C is very high (25.6 – 58.7 wt %) compared to the range for 

commercial furnace CB products  (0.5 – 6 wt %) [40,41,46], suggesting that these temperatures 

are not ideal for CB preparation from HRF. Volatile content substantially decreases as the 

temperature changes from 1150 °C to 1200 °C, reaching 6.1 wt %. In the temperature range 

1200 – 1400 °C, the volatile matter was within the recommended ranges (6.1 – 1.6 wt %).  

Table 5.1  Textural properties of CB samples 

Process variables Surface area (m2g-1) Pore volume (cm3g-1) 

Temperature 

(°C) 

1100 8.40 0.012 

1150 10.27 0.017 

1200 10.94 0.017 

1250 11.59 0.020 

1300 11.94 0.019 

1350 12.85 0.029 

1400 17.59 0.037 

Oxygen 

concentration 

(vol %) 

5 12.85 0.029 

7.5 16.77 0.030 

12 20.14 0.040 

21 24.19 0.045 

tr (s) 

18.9 12.85 0.029 

21.3 12.56 0.031 

32.2 12.21 0.023 

42.5 11.32 0.021 

59.7 11.13 0.022 

 

Both O2 concentration and tr showed a similar decrease in total volatile content, although they 

were consistently within recommended ranges due to the high temperature (1350 °C). Overall, 

with increasing T, oxygen concentration and tr, the volatile matter content is significantly 

decreased for enhanced thermal stability. Additionally, the decreased volatile content may 

explain the surface area and functional group trends, as carbonaceous residues form a hard-to-
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break agglomerated particle that reduces CB surface area, structure, and active sites [88]. The 

amount of ash can also impact the ability of CB to form strong bonds.  

Table 5.2  Thermal and proximate properties of the CB samples 

Process variables  

Thermal properties (°C)* Proximate analysis (wt %) 

T5%  T10% T50% H2Omass Vmass Ash Cfixed 

Temperature 

(°C) 

1100 502 540 597 1.20 52.7 0.04 46.1 

1150 556 575 618 0.28 25.6 0.03 74.1 

1200 595 609 643 0.22 6.1 0.07 93.6 

1250 609 623 658 0.20 3.3 0.02 96.5 

1300 619 639 680 0.22 3.2 0.02 96.6 

1350 624 640 677 0.22 2.3 0.02 97.4 

1400 633 646 682 0.20 1.6 0.03 98.2 

Oxygen 

concentration 

(vol %) 

5 624 640 677 0.22 2.3 0.02 97.4 

7.5 638 650 685 0.20 1.3 0.09 98.4 

12 649 660 693 0.22 1.1 0.01 98.6 

21 669 680 717 0.19 0.8 0.02 99.1 

tr (s) 

18.9 624 640 677 0.22 2.3 0.02 97.4 

21.3 620 630 657 0.22 1.8 0.07 97.9 

32.2 621 630 658 0.19 1.5 0.05 98.3 

42.5 635 647 679 0.23 1.7 0.10 98.0 

59.7 653 664 679 0.18 0.8 0.02 99.1 

*T5%, T10% and T50% are temperatures at 5%, 10% and 50% weight loss from the TGA. Vmass is the mass 

percentage of the volatiles, H2Omass is the mass percentage of moisture, and Cfixed is the mass percentage of carbon 

calculated by difference. 

In these CB from HRF, the observed ash content (< 0.2% wt) was consistent with what is 

typically reported for commercial CB products (0.0 – 0.38% wt) prepared from fossil fuel 

feedstock [8]. Ash content did not correlate with changing process conditions, suggesting that 

it was controlled by the total concentration and heterogeneity of the feedstock itself. The low 
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ash content may be advantageous, as ash can negatively influence performance. Several studies 

have shown that high ash content (up to ~ 20% wt) is the main reason recovered CB from spent 

tyre pyrolysis char cannot perform well during rubber reinforcement applications, despite 

similar physicochemical properties to commercial CB [91,92]. 

5.3.3 CB morphology, particle size and aggregate shape configuration  

The average particle size and distribution and the aggregate shape are often seen as predictors 

of performance and used to classify CBs. The fundamental properties of CB upon which other 

application properties, including tint strength, elongation, hardness, Mooney viscosity, impact 

resistance, and loading capacity rely, are (i) primary particle size and (ii) structure (i.e. 

aggregate shape) [36,40,112]. Smaller primary particle size and high structure are necessary 

for rubber reinforcement applications that account for more than 90% of global CB utilisation 

[67]. A similar range of values has been reported for CB prepared using Metso and Conrad 

spent tyre pyrolysis oil feedstock (~ 62 – 139 nm) and conventional Exxon bunker oil (141 nm) 

[12]. Figures 5.10 and 5.11 show the low-magnification TEM micrographs of the CB samples 

from HRF feedstock, used to determine particle sizes and aggregate shapes. From visual 

inspection, the samples were found to be in the form of grape-like and fractal agglomerates 

typical of CB, consisting of many spherical-shaped fused nodules [116]. These spherules were 

defined as “primary particles”, and the large agglomerates were called “aggregates” [139]. The 

primary particle size count of the CB samples is shown in Figure 5.12 and demonstrates typical 

Gaussian distributions, regardless of the change in the process variables. From Table 5.3, the 

mean primary particle size of all CB samples ranges from 99.9 nm to 202 nm, which is typical 

of group 7 (61 – 100 nm), group 8 (101 – 200 nm) and group 9 (201 – 500 nm) series CB, with 

notable applications in mechanical goods, footwear, inner tubes, floor mats, belts, hose, gaskets 

and O-rings [40]. 
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Figure 5.10  Typical TEM micrographs under different process conditions (a) 5% O2 at 18.9 

s, (b) 21% O2 at 18.9 s, (c) 32.2 s at 5% O2 and (d) 59.7 s at 5% O2 (Temperature 

(1350 °C) was fixed). 

The particle size range and mean particle diameter decreased with increasing temperature and 

O2 concentration, as shown in Figure 5.12. This is because the rate of chemical reaction 

increases as the collision rate rises, and the number of nuclei increases at higher temperatures 

or with greater O2 availability. Increasing tr led to increased particle size and mean particle 

diameter due to the growth of CB particles. Understanding the aggregate shape (simple or 

complex) and structure (low or high) allows the determination of the end application of the CB. 
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Figure 5.11 Typical TEM micrographs at (a) 1350 °C, (b) 1250 °C and (c) 1150 °C (O2 

concentration (5%) and tr (18.9 s) were fixed. 
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Figure 5.12 Particle size distribution under different process variables (a) temperature, (b) 

O2 concentration, and (c) tr. 

The aggregate shape configuration, shown in Figure 5.13, is very complex, with linear and 

branched shapes accounting for more than 55% of the aggregate regardless of the change in 
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the process variable. The complex nature of the aggregate may be due to heavy hydrocarbons 

in the decomposing HRF feedstock, which were primarily unsaturated.  

  

Figure 5.13 Aggregate shape configuration under different process variables (a) T, (b) O2 

conc., and (c) tr. 
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The complexity increases from 54.6 to 84.8%, 84.8 to 97.7%, and 84.8 to 87.9% with 

increasing temperature (1150 to 1350 °C), oxygen concentration (5 to 21%) and tr (18.9 to 59.7 

s).  The observed complex aggregate shapes indicate that CB from HRF had a high structure, 

which is advantageous in rubber reinforcement applications. Regardless of the process variable, 

more than 85% of the CB from HRF aggregates had more than 20 fused particles (Table 5.3), 

supporting the aggregate shape configuration analysis findings. CB with high structure is 

characterised as easier to disperse, highly conductive, highly viscous, and has lower loading 

capacity, making them more suited for reinforcing compounds where conductivity can be 

achieved at very low loading [36]. 

Table 5.3  Mean primary particle diameter and aggregate structure of CB from HRF 

Process variable  
Mean particle diameter 

(nm) 

Aggregate structure 

% low % high 

T (°C) 

1150 195.9 14.4 85.6 

1250 171.1 10.7 89.3 

1350 104.6 7.4 92.6 

O2 conc. (% vol) 
5 104.6 7.4 92.6 

21 99.9 4.8 95.2 

tr (s) 

18.9 104.6 7.4 92.6 

32.2 177.7 6.8 93.3 

59.7 202.0 3.4 96.6 

 

5.4 Summary  

CB with comparable properties to the commercial product was successfully prepared from the 

HRF of STPO in a simulated furnace black process in the laboratory. With increasing residence 

time, O2 concentration and at a higher temperature, product quality was significantly enhanced 

at the expense of the total yield suggesting the need for a trade-off between the yield and quality 
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when choosing process variables during CB preparation. While the C content, surface area and 

particle sizes above 1150 °C temperature were most similar to N700, N800 and N900 series 

CB, functional carboxyl groups were substantially higher than most commercial products. This 

is an advantage, as higher acidic functional groups may enhance the colloidal stability of the 

CB samples and eliminate the need for oxidative treatment during application. The high 

structure CB had complex aggregate shapes, making them most suitable for rubber 

reinforcement applications. CB aggregates became more complex with increasing temperature, 

residence time and O2 concentration due to increased collision rates. 
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Chapter 6 Understanding the influence of temperature, residence time and 

oxygen to feed ratio on CB yield and properties 

6.1 Introduction  

Several studies have shown that CB yields and properties are strongly linked to the process 

variables and decomposing feedstock [12,13,142]. Differences in CB yield and particle size 

were also notable between spent tyre oil feedstocks [12]. Chapters 4 and 5 systematically 

studied the effect of temperature, residence time and oxygen concentration on CB yield and 

properties for STPO and HRF, respectively. The results showed that with increasing residence 

time, oxygen concentration and at a higher temperature, CB properties (i.e., BET surface area, 

pore volume, mean primary particle size, aggregate structure, carbon, volatile matter, and ash 

contents) were improved at the expense of CB yield. This observation suggests a trade-off 

between CB yield and quality when choosing process variables for CB preparation. 

Nonetheless, all the studies mentioned above, including Chapters 4 and 5, adopted a classic 

univariate experimental design; none could determine the complex relationship between 

process variables and the CB yield and quality. A univariate experiment is limited as (i) it does 

not account for the interaction between process variables and responses; (ii) the number of 

experiments becomes prohibitively excessive as more variables are added; and (iii) the results 

are highly dependent on the selection of process conditions [169]. The response surface 

methodology (RSM) multivariate design of the experimental approach has been widely 

promoted for process and product optimisation [132,170,171]. RSM is a collection of 

mathematical and statistical techniques for improving, optimising, and developing products 

and industrial processes [172]. Utilising the RSM approach enables the determination of how 

parameters might interplay and how parameters and “optimal conditions” may vary as a 

function of changing feedstock. 
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6.2 Response surface analysis - CB yield and carbon content    

The experimental results and predicted responses from the RSM model for STPO and HRF 

feedstocks are given in Tables A2 and A3, respectively. The correlation between the actual and 

predicted values of the response is shown in Figure 6.1. The range in CB yield determined from 

the experiments was similar between STPO (27.6 to 60.7%) and HRF (29.1 to 61.2%) 

feedstock. A similar trend was observed for the C contents, ranging from 88.1 to 97.6% for the 

STPO and 87.6 to 98.7% for HRF.  

 

Figure 6.1 The correlation of actual and predicted value of the response (a) CB yield of the 

STPO, (b) C content (STPO), (c) CB yield (HRF) and (d) C content (HRF) 

The marginally but consistently higher values observed in CB from HRF relative to CB from 

STPO under the same process conditions may be attributed to the higher C/H ratio of the 

decomposing feedstock (see Table 3.2). Higher C/H is desirable to increase CB yield and 
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occasionally indicates higher aromaticity for CB feedstock [149]. The maximum variation 

between the experimental and predicted CB yields was <3% for the STPO and HRF, 

demonstrating the RSM models’ ability to predict the process responses reliably. The  𝑅2 

values for the CB yield and C content models are 0.98 and 0.95 for STPO, and 0.99 and 0.94 

for HRF, respectively. The high  𝑅2 value (i.e., close to unity) and agreement between the 

predicted and adjusted 𝑅2 implies that the developed model can satisfactorily describe the 

experimental data [134,173,174]. 

 

Figure 6.2 Droplet size distribution of the (a) STPO and HRF and (b) representative image 

for the droplet stream from STPO at a typical flow rate of 10 mL min-1 

The F-ratio of the quadratic models is 93.98 and 37.71 for STPO, and 120 and 31.62 for HRF, 

with a P-value of < 0.0001 for CB yield and C content, respectively. Equations 15 to 18 provide 
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the quadratic models based on the ANOVA results (Tables 6.1 and 6.2) for each feedstock's 

CB yield and elemental C content. The results in Tables 6.1 and 6.2 show that the dominating 

variables for the CB yield and C content are similar between STPO and HRF, but HRF is also 

dependent on B2. Similarly, the C content in both feedstocks depended on variations in A, B, 

C and A2, but the C content in HRF also relied on AC and B2. 

This observation indicates that the conversion of HRF into CB had a stronger dependence on 

the residence time than that of STPO, possibly due to the difference in droplet sizes. The droplet 

size distributions of HRF and STPO obtained at a typical feedstock flow rate of 10 mL min-1 

are compared in Figure 6.2a. As can be seen, HRF shows a wider droplet size distribution 

ranging from ~ 20.2 to 217 µm with ab average droplet size of ~ 128 µm, while STPO shows 

a size distribution ranging from ~ 28.7 to 155.4 µm with an average size of ~ 100 µm. The 

droplet spacing is widely variable (i.e., ~ 0.01 to 0.6 mm) depending on the distance from the 

nozzle but similar for both feedstocks. The wider and larger droplet sizes of HRF relative to 

STPO are attributed to the heavy hydrocarbons in HRF; thus, a higher viscosity makes HRF 

more difficult to atomise. A representative photograph of the droplet stream of the STPO at a 

typical feedstock flow rate of 10 ml min-1 is shown in Figure 6.2b. The empirical equations for 

the predicted response results are shown in Equations 15 to 18 for both feedstocks after 

removing the insignificant terms from Tables 6.1 and 6.2. As previously mentioned,  𝑌1 and 𝑌2 

are the CB yield and C content.  

 𝑌1(𝑆𝑇𝑃𝑂)
= 52.59 + 8.28𝐴 − 3.51𝐵 + 2.83𝐶 + 1.37𝐴𝐵 − 1.65𝐴𝐶 − 9.92𝐴2         (15) 

 𝑌2(𝑆𝑇𝑃𝑂)
= 94.49 + 3.25𝐴 + 0.99𝐵 − 1.41𝐶 − 0.01𝐴𝐵 − 0.01𝐴𝐶 − 1.99𝐴2          (16) 

 𝑌1(𝐻𝑅𝐹)
= 53.14 + 8.16𝐴 − 2.85𝐵 + 2.92𝐶 + 1.40𝐴𝐵 − 1.39𝐴𝐶 − 9.67𝐴2 + 1.68𝐵2(17) 

 𝑌2(𝐻𝑅𝐹)
= 94.99 + 3.04𝐴 + 0.82𝐵 − 1.29𝐶 + 0.41𝐴𝐵 + 0.84𝐴𝐶 − 1.49𝐴2 + 0.89𝐵2(18) 
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Positive and negative signs in front of the terms in equations 15 to 18 indicate synergistic and 

antagonist effects, respectively [173,175,176].  

As shown in equations 15 and 17 for example, the CB yield ( 𝑌1(𝑆𝑇𝑃𝑂)
) and ( 𝑌1(𝐻𝑅𝐹)

) were 

significantly affected by the synergistic effect of the linear terms A (T) and C (O/F) and the 

antagonistic effect of linear term B (tr). This implied that increasing B would decrease the CB 

yield, whereas increasing A and C would increase the CB yield. Concerning the interaction of 

these factors, the cross-product term AB and quadratic term B2 (for HRF) have a synergistic 

effect. In contrast, the cross-product AC and quadratic term A2 have an antagonistic effect on 

the CB yield according to Equations 15 and 17. The synergistic effect of AB and B2 implied 

that increasing the interaction of the two main factors would enhance the CB production yield. 

Conversely, the antagonistic effect of AC and A2 suggests that for an increased CB yield, an 

increase in the A will necessitate a decrease in the C and vice versa. For CB yield from STPO, 

process variables A and C constitute the synergistic effect, whereas B, AC and A2 have an 

antagonistic effect. Similarly, only variables A and B constitute a synergistic effect, as others 

(C, AB, AC and A2) have an antagonist effect on the C content from the STPO. Meanwhile, 

variables A, C. AB, and B2 constitute synergistic effects, as B, AC, and A2 have an antagonistic 

effect on the CB yield from the HRF feedstock. For C content from the HRF, variables A, B, 

AB, and B2 have a synergistic effect, while other variables (C and A2) have an antagonistic 

effect. Overall, the increasing order of the effect of the terms for the CB yield follows A > C > 

AB > AC > B > A2 for the STPO and A > C > B2 > AB > AC > B > A2 for HRF. Similarly, for 

C content follows A > B > AB > AC > C > A2 and A > B2 > AC > B > AB > C > A2 for both 

STPO and HRF.  
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Table 6.1  Analysis of variance (ANOVA) for CB yield and C content from the STPO 

feedstock 

Relationship 

 

  CB yield (%) C content (%) 

 Source  Sum of 

squares 

F-

Ratio 

P-value  Sum of 

squares 

F-

Ratio 

P-value 

  Model  2071.95 93.98 <0.0001 243.86 37.71 <0.0001 

Main effects 

 

Linear 

 

 

A 1097.10 447.85 <0.0001 169.26 235.54 <0.0001 

B 197.26 80.53 <0.0001 15.66 27.80 0.0003 

C 128.09 52.29 <0.0001 32.01 44.54 <0.0001 

Interactions 

 

 

 

 

 

 

Cross 

product  

AB 14.96 6.11 0.0251 0.001 0.002 0.9672 

AC 21.81 8.90 0.0088 0.001 0.001 0.9738 

BC 0.06 0.02 0.8833 0.05 0.07 0.7961 

 

Quadratic  

A2 439.77 179.52 <0.0001 11.73 16.32 0.0009 

B2 3.12 1.27 0.2760 1.75 2.44 0.1378 

C2 0.89 0.36 0.5557 1.99 2.77 0.1158 

  Lack 

of fit 

4.01 0.49 0.69 0.82 0.33 0.80 

  Pure 

error  

35.19   10.68   

  R2 0.98   0.96   

  Adj R2 0.97   0.93   

  RMSE 1.57   0.85   

 

Including the quadratic interaction term of B2 (tr) for HRF suggests that the residence time may 

be longer than that for STPO, probably due to the difference in the droplet sizes of these two 

feedstocks (Figure 6.2). 
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Table 6.2  Analysis of variance (ANOVA) for CB yield and C content from the HRF 

feedstock 

Relationship   CB yield (%) C content (%) 

  Source  Sum of 

squares 

F-

Ratio 

P-value Sum of 

squares 

F-

ratio 

P-value 

  Model  2015.16 120.27 <0.0001 217.40 31.62 <0.0001 

Main effects  

Linear 

 

A 1064.88 572.00 <0.0001 147.44 193.00 <0.0001 

 B 130.30 69.99 <0.0001 10.81 14.15 0.0017 

 C 136.13 73.12 <0.0001 26.78 35.06 <0.0001 

Interactions 

 

 

 

 

 

Cross 

product 

AB 15.71 8.44 0.0103 1.35 1.76 0.2032 

AC 15.35 8.24 0.0111 5.70 7.46 0.0148 

BC 0.43 0.23 0.6382 0.01 0.02 0.8955 

Quadratic  A2 424.27 227.90 <0.0001 6.72 8.80 0.0091 

B2 13.41 7.20 0.0163 6.21 8.12 0.0116 

C2 0.03 0.01 0.9064 1.92 2.52 0.1321 

  Lack of fit 2.64 0.42 0.74 3.31 0.3308 0.80 

  Pure error  27.15   8.91   

  R2 0.99   0.95   

  Adj R2 0.98   0.92   

  RMSE 1.36   0.87   

 

6.3 Effect of process operating conditions 

CB formation results from the nucleation of gas-phase reaction products, surface growth, and 

oxidation [36]. The degree of nucleation is mainly responsible for the yield and quality of CB, 

irrespective of the decomposing feedstock. High T and short tr promote faster nucleation, which 

improves CB yield [36]. Generally, CB yield increased with increasing T but decreased with 

increasing tr and O/F for both feedstocks. At lower T, CB had higher volatile matter. Increasing 

T reduces the volatile content and improves CB formation conditions, leading to a higher 

feedstock conversion to CB. 
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Nonetheless, CB yield for both feedstocks decreased after T surpassed ~ 1330 °C, matched by 

a rise in CO and H contents in the off-gas (Chapters 4 and 5). The increase in CO and H 

indicates that the carbon consumption rate was more significant than the carbon black 

formation rate due to enhance gasification reaction. Similarly, as tr increased, there was 

evidence of gasification of CB oxidation by O2, H2O and CO2. Together, this suggests that a 

higher temperature or a longer tr may enhance the occurrence of Boudouard and water-gas shift 

reactions at the expense of CB yield after volatiles are consumed [13]. Increasing O/F also 

decreased the yield by facilitating CB oxidation with excess oxygen. Nonetheless, a lower CB 

yield was compensated by a higher total C content in all cases, suggesting better quality CB 

production. These observations agree with previous reports on CB production that employ a 

single variable deviation methodology [12,13,41,177], including the results in Chapters 4 and 

5.  

The best way to visualise the influence of the process variables on the responses is to generate 

3-dimensional surface plots by varying two variables while holding the other constant [178]. 

Figures 6.3 and 6.4 describe the interactive effect of T, tr, and O/F on the CB yield and C 

content for STPO and HRF, respectively. The constant variables were held at level 0, as shown 

in Table 3.5 (i.e., 1250 °C (T), 32.5 s (tr) and 453 (O/F). It was observed that at a given O/F, 

while the C content increases with increasing T and tr, the CB yield increases as T increases 

(and then slightly decreases) but decreases as the tr increases, irrespective of the feedstock. 

Similarly, the CB yield and C content increased with increasing T, but the CB yield and C 

content decreased and increased, respectively, with an increasing O/F at a given tr. Finally, the 

CB yield decreases as the O/F and tr increase, while the C content increases with increasing tr 

and O/F at a given T. As shown in Figures 6.3 and 6.4, higher T, lower O/F ratio, and lower tr 

enhance the feedstock-to-CB yield conversion, irrespective of the feedstock. This is in line with 

the experimental observations of Wójtowicz et al. [12], which found a ~ 60% decrease in the 
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CB yield when the carrier gas oxygen concentration was increased from 0 to 25%. Higher T, 

longer tr and higher O/F were shown to enhance the quality of the CB by increasing C content 

at the expense of the yield.  

 

Figure 6.3 Surface plot of (a) CB yield and (b) elemental C content for the STPO 

Inspecting the significance of the process variables in Table 6.3, T had the strongest effect on 

the CB yield and C content regardless of the feedstock. More than 78% of the changes in CB 

yield and C content responses could be attributed to the effect of T, emphasizing its importance 

during CB preparation. However, the second determinant variable differs for the CB yield and 

C content. While the CB yield was more strongly dependent on T and tr, where more carbon 

was converted or lost at higher temperatures and longer residence times, the C content was 

more influenced by T and O/F. Higher temperature and oxygen concentration allow greater 

conversion of hydrocarbons to C.  
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Figure 6.4 Surface plot of (a) CB yield and (b) elemental C content for HRF 

Table 6.3  Assessment of independent variable importance during CB preparation 

Response Variables 

STPO feedstock HRF feedstock 

Individual 

effecta 

Total 

effectb 

Individual 

effecta 

Total 

effectb 

Combined 

model 

T (°C) 0.781 0.800 0.792 0.826 

O/F 0.089 0.107 0.088 0.118 

tr (s) 0.073 0.089 0.055 0.079 

CB yield (%) 

T (°C) 0.794 0.812 0.817 0.842 

O/F 0.061 0.077 0.062 0.081 

tr (s) 0.089 0.103 0.068 0.088 

C content (%) 

T (°C) 0.768 0.787 0.768 0.809 

O/F 0.117 0.136 0.109 0.148 

tr (s) 0.058 0.075 0.048 0.077 

a reflects the relative contribution of each factor alone, b reflects the relative contribution of each factor both alone 

and in combination with other factors 
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6.4 Optimisation and validation of process operating conditions 

A statistical desirability function was used to compare the yield and C content from STPO and 

HRF to acquire a compromise between the process variables and responses. The desirability 

function algorithm searches for a combination of T, tr and O/F within a set limit that 

simultaneously maximises CB yield and C content [133,136]. The optimisation results were 

verified using three additional experiments under the optimum conditions for each feedstock. 

The predicted and validation experimental results based on the optimum conditions are shown 

in Table 6.4. It can be seen that the experimental results compare favourably with the predicted 

responses, with errors of less than 2% for both feedstocks. The experimental results 

demonstrated the validity of the models and their ability to predict the experimental responses 

accurately. For an optimal yield of 53.5% and C content of 95.7%, the model describes 1331 

°C (T), 174 (O/F) and 60 s (tr) for STPO. 

Similarly, the optimal yield (55.6%) and C content (98.3%) for HRF would be achieved under 

comparable process variables of 1368 °C, 174 and 60 s for T, O/F and tr, respectively. These 

optimum conditions were obtained at maximum desirability of 0.746 and 0.788 for STPO and 

HRF. The optimised CB from HRF required a higher temperature than CB from STPO, despite 

the same tr and O/F ratio. The higher temperature may be explained by the abundance of more 

viscous heavy hydrocarbons, which are more difficult to atomise, resulting in larger droplets 

that require more energy to evaporate. For comparison, using the conditions found to be 

optimal for STPO of 1331°C (T), 174 (O/F) and 60 s (tr), the HRF quadratic model was used 

to predict the CB yield and C content of a hypothetical CB from HRF. The model predicted 

that the CB from HRF would yield 56.5% and a C content of 97.3%, suggesting that HRF could 

outperform STPO in terms of yield and C content even when not produced under its optimum 

conditions. The reason is that HRF inherently contains heavy hydrocarbons that are much 

easier to carbonise relative to the STPO.   
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Table 6.4  Model validation based on the optimum conditions from the model 

Feedstock Source 

Optimum Conditions Responses 

Desirability 

T (°C) tr (s) O/F 
CB yield 

(%) 

C content 

(%) 

STPO 

Model 

1331 60 174 

53.5 95.7 0.746 

Experiment 53.6±1.1  96.0±0.6 - 

HRF 

Model 

1368 60 174 

55.6 98.3 0.788 

Experiment 55.4±1.3 98.0±0.8 - 

 

The proximate and ultimate analysis of CB from STPO and CB from HRF prepared under their 

respective optimum conditions are presented in Table 6.5. The proximate analysis shows that 

the fixed carbon, volatile, and ash contents were almost identical for CB from STPO and HRF. 

More importantly, the volatile content was reasonably low (~ 0.5 wt %) for both samples. 

However, the ultimate analysis revealed that CB from HRF had higher C and lower H than CB 

from STPO, likely linked to higher T during preparation or that HRF contains heavy 

hydrocarbons, which are easier to carbonise. The S content of CB from HRF (0.6 wt %) was 

also marginally higher than that of CB from STPO (0.3 wt %) due to an overall higher S in the 

HRF feedstock (Table 3.2). Similar C, O and S trends were observed on CB surfaces from the 

XPS analysis, as shown in Table 6.5. 

Nonetheless, in both cases, the proximate and ultimate analysis results were consistent with 

commercial CB, regardless of the feedstock used. Although the BET surface area of both CB 

from HRF (14.7 m2g-1) and CB from STPO (13.9 m2g-1) produced under their respective 

optimal conditions was similar (as shown in Figure 6.5a), CB from STPO had a greater 
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micropore area and pore volume (9.6 m2g-1 and 0.032 cm3g-1) than CB from HRF (5.4 m2g-1 

and 0.027 cm3g-1). In other words, the CB sample from the HRF has more mesopore and 

macrospore areas, the desired feature of CB used as a reinforcer [14,179]. The BET surface 

areas of both samples are well within the range of group 8 rubber grade CB (11 to 20 m2g-1) 

[40,117]. However, the particle size distributions obtained from the HRTEM micrographs for 

CBs prepared from both feedstocks tend to be quite wide, as shown in Figure 6.5b. The average 

primary particle size of CB from STPO (128 nm) was higher than that of CB from HRF (102 

nm) but still well within the recommended range for group 8 rubber-grade CB (100 - 200 nm) 

[117]. This observation suggests that the nucleation stage of CB formation indeed controls the 

particle size distribution. Overall, the Mastersizer particle size results indicate that CB from 

HRF may also have smaller aggregates than CB from STPO at all percentiles (D10, D50, and 

D90).  

The surface chemistry indicated by the active functional groups on the CB surface plays an 

important role in defining the wettability, absorptivity, dispersibility, reinforcement and 

electrochemical reactivity behaviour and, by extension, the performance applications of CB 

[87,118–120]. The XPS spectra and deconvoluted high-resolution C1s peaks of the CB from 

STPO and CB from HRF samples under the optimum process conditions are shown in Figure 

6.6 (a) - (c). The polyaromatic (𝐶 − 𝐶 𝑜𝑟 𝐶 − 𝐻), hydroxyl (𝐶 − 𝑂𝐻), carbonyl (𝐶 = 𝑂) and 

carboxyl (𝐶𝑂𝑂𝐻) groups are 43.9%, 30.4%, 12.8% and 12.9% for the CB from STPO and 

53.4%, 20.1%, 8.5% and 18.0% for the CB from HRF, respectively. The larger polyaromatic 

and carboxyl groups on CB from HRF than on CB from STPO is thought to be due to the higher 

temperature used for CB from HRF. Poly-condensed aromatic-C have more stable structures 

that increases with an increasing temperature [150,151]. As expected, the oxygen functional 

groups on the surface of CB from STPO (at 56.1%) are higher than that on CB from HRF (at 

46.6%). Overall, the 𝐶 – 𝐶, 𝐶 – 𝑂𝐻 and 𝐶 = 𝑂 values of both CB from STPO and CB from 
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HRF are comparable to notable commercial CBs N326 (at 41.8%, 37.6% and 15.8%) [156] and 

N330 (at 50.1%, 35.5% and 9.8%) [155],  respectively. The 𝐶𝑂𝑂𝐻 group, which promotes 

stronger bonding during applications is consistently higher in CB from HRF (18.0%) than in 

CB from STPO (12.9%) and commercial CB (< 4.8%) [155–157]. 

 

Figure 6.5 Properties of CB from STPO and HRF (a) N2 adsorption and desorption 

isotherm, (b) particle size distribution (TEM) and (c) TGA profile 
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Figure 6.6 XPS analysis result (a) composition and deconvoluted high-resolution C1s 

peaks (b) STPO and (c) HRF 
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Table 6.5  Properties of CB prepared at optimum conditions from the STPO and HRF  

Parameter 
CB from STPO CB from HRF 

Proximate analysis 

Volatile matter (wt %) (dry basis) 0.48±0.1 0.54±0.1 

Ash (wt %) (dry basis)  0.02±0.01 0.01±0.02 

Fixed carbon (wt %) (dry basis)  99.5±0.1 99.5±0.1 

  EA analysis 

Carbon (wt %) (dry basis)  96.0±0.6 98.0±0.8 

Hydrogen (wt %) (dry basis)  0.6±0.1 0.3±0.1 

Sulphur (wt %) (dry basis)  0.3±0.2 0.6±0.2 

Oxygen (wt %) (dry basis)  3.1±0.3 1.2±0.2 

 XPS analysis  

Carbon (at %) (dry basis) 96.3±0.3 97.3±0.1 

Oxygen (at %) (dry basis) 3.3±0.2 2.4±0.3 

Sulphur (at %) (dry basis) 0.2±0.1 0.3±0.1 

Silica (at %) (dry basis) 0.2±0.1 0.0 

  Particle size distribution 

D10 nm 150±4.5 130±3.9 

D50 nm 420±20 380±10 

D90 nm 1490±40 1040±15 

 

6.5 Summary  

Using the response surface methodology (RSM), the optimum process conditions for the 

production of carbon black (CB) from spent tyre pyrolysis oil (STPO) and its heavy residue 

fraction (HRF) were successfully identified and verified. There was an inverse trade-off 

between the CB yield and quality regardless of feedstock with changing process variables, most 



120 

 

critically influenced by the T and O/F ratio. A higher T enhanced the occurrence of the 

Boudouard and water gas shift reactions, subsequently decreasing the CB yield but improving 

the CB's quality. A longer tr and higher oxygen (O/F) increased the CB surface oxidation, 

leading to a loss of C and decreased yield, but enhanced the quality by reducing overall volatile 

content. The optimal T, tr and O/F determined by RSM were very similar for either feedstock`. 

However, the prevalence of larger droplets associated with the atomisation of more viscous 

heavy hydrocarbons in HRF required a higher optimal T (1368 °C vs. 1331 °C) than STPO. 

The CB from HRF showed a higher carboxyl oxygen functional group than the CB from STPO. 

Under the optimum conditions, CB from both feedstocks possessed comparable surface areas, 

C contents and primary particle sizes to commercial Group 8 rubber-grade CB. 
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Chapter 7 Polishing of CB derived from STPO and HRF via air oxidation  

7.1 Introduction  

CBs were successfully prepared using STPO and HRF in a simulated furnace reactor, and the 

effect of process variables on the yield and properties of the CB was studied, as shown in 

Chapters 4 and 5. The operating conditions (i.e., temperature, residence time and oxygen to 

feed ratio) were optimised using the RSM in Chapter 6. In addition, the STPO and HRF were 

evaluated and compared against each other at an optimal process condition found using the 

RSM model. However, the results in Chapters 4, 5 and 6 suggested that the properties of the 

CB could be improved using oxidative treatment operation before applications. Notably, the 

CB samples from STPO and HRF, even at optimal process variables, have low BET surface 

area and pore volume and showed the presence of H and heteroatoms (S and Si). Air oxidation, 

which involves subjecting the CB samples to thermal treatment under a continuous air stream, 

has been widely utilised to improve and modify the BET surface area, pore volume and surface 

chemistry. Literature on air oxidation of CB is limited and mostly on commercial CB products 

made from conventional feedstocks without a detailed systematic study of the effect of 

operating temperature and time on the burn-off and properties of the resultant product 

[121,130,131]. This Chapter aimed to upgrade the CB products by controlled air oxidation 

using a fixed bed reactor and characterised the resulting products.  

7.2 Effect of temperature and oxidation time on the burn-off   

The CB oxidation in an airstream can be described as (i) evaporation of the volatile substance, 

(ii) oxidation and removal of the amorphous core, and (iii) graphitisation [180]. Figures 7.1 

and 7.2 show the samples' burn-off (Bt) and average reaction rates (Rt) under different 

conditions, respectively. The results were highly repeatable, with an average of three repeats 
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under each condition producing a standard deviation within ± 2%. The result showed increased 

burn-off with increasing temperature and oxidation time. Similar trends have been reported 

elsewhere when commercial CB and other carbon-based materials were oxidised, albeit with 

different agents [130,166]. With increasing temperature (300 – 700 °C) and oxidation time (1 

– 8 h), the burn-off ranged from 2.6 – 87.9%, and 5.6 – 82.3% for sample D, 0.3 – 83.8% and 

5.5 – 70.0% for sample E, 4.5 – 90.8% and 6.2 – 86.1% for sample F and 1.3 – 81.8% and 4.9 

– 66.2% for sample G, respectively.  

 

Figure 7.1 Samples D and E burn-off and reaction rate due to (a) temperature & (b) time 

The burn-off of oxidised STPO samples is consistently higher than those from HRF under the 

same test conditions. Burn-off may be associated with the larger particle size distribution of 

the STPO samples relative to the HRF. The STPO samples D and F, with an average particle 

diameter of 124 and 128 nm, are expected to have a higher amorphous core that is easily 
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consumed relative to the HRF samples E and G, with an average particle diameter of 104.6 and 

102 nm, respectively. This suggests that the burn-off during oxidation may depend on the 

pristine CB's preparation conditions (i.e., higher T or O2 concentration and shorter tr would 

result in CB samples with smaller primary particle size distribution). In practice, some particle 

size distribution is expected as samples produced at higher oxidation times and temperatures 

are expected to have larger particle sizes since the smaller particles will not likely get burned.  

 

Figure 7.2 Samples F and G burn-off and reaction rate due to (a) temperature and (b) time 

There was a significant increase in the reaction rate from ~ 0.2×10-5 to 6.1×10-5 (s-1), 0.02×10-

5 to 5.8×10-5 (s-1), 0.4×10-5 to 8.4×10-5 (s-1) and 0.1×10-5 to 7.6×10-5 (s-1) for samples D, E, F 

and G, respectively when the temperature was increased from 300 to 700 °C (as shown in 

Figures 7.1 and 7.2). In contrast, the reaction rate only varied slightly from ~ 2×10-5 to 3×10-5 

(s-1), ~ 1×10-5 to 2×10-5 (s-1), ~ 2×10-5 to 3×10-5 (s-1), ~ 1×10-5 to 2×10-5 (s-1) for samples D, E, 

F and G, respectively with increasing oxidation time (1 to 8 h). The slight variation observed 
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with the change in oxidation time is largely due to fluctuating temperature of the fixed-bed 

reactor during the oxidation experiments. 

7.3 Effect of temperature and oxidation time on the properties of the polished CB  

7.3.1 Composition and surface chemistry of the oxidised CB samples  

As an important property characteristic of carbon materials, the elemental compositions of the 

samples after oxidation are presented in Tables 7.1 and 7.2. There was a progressive increase 

in the O content of the oxidised samples D, E, F and H from ~ 3.9 to 17.8%, ~ 3.1 to 13.3%, ~ 

4.3 to 18.1%, and ~ 2.2 to 11.6%, respectively, with increasing temperature and time. These 

increases come at the expense of the C content, which decreased from 95.1 to 82.2%, 96.1 to 

86.8%, 95.0 to 81.9%, and 97.5 to 88.4% for samples D, E, F and G, respectively. The increase 

in O content with increasing temperature and time is believed to be due to the chemisorption 

of oxygen during the heterogeneous reactions between air and CB. Interestingly, high O content 

implies a high-functional group and is desired to enhance surface activity during CB 

applications [181,182]. The pristine CB also contained low quantities of H (0.6%, 0.4%, 0.6% 

and 0.3%) and S (0.3%, 0.6%, 0.3% and 0.6%) for samples D, E, F and G, respectively, which 

decreased with increasing temperature and time during oxidation. The decrease in H content 

and the loss of S of the CB samples with increasing temperature and time are expected. The 

elemental composition results from the XPS of O 1s (at 532 eV), C 1s (at 284 eV), S 2p (at 164 

eV) and Si 2p (at 102 eV) are also shown in Table A4 (for samples D and E) and Table A5 (for 

samples F and G). The trend in the results of the EA agreed with the XPS results of the samples. 

The XPS result showed the presence of Si at 0.2%, 0.3%, and 0.2% on the pristine CB samples 

D, E, and F, respectively, which are lost with increasing oxidation temperature and time as 

expected. Meanwhile, a representative XPS spectrum and deconvoluted high-resolution C1s 

peak for OXCB-E-500°C and its pristine CB are shown in Figure 7.3. The C1s spectral 
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analysed by XPS revealed the presence of four peaks corresponding to (𝐶 − 𝐶, 𝐶 − 𝑂𝐻, 𝐶 =

𝑂, 𝑎𝑛𝑑 𝐶𝑂𝑂𝐻) groups fitted at 284.3 – 284.8 eV, 285.4 – 286.4 eV, 286.8 – 287.8 eV and 

288.9 – 289.4 eV in all the oxidised samples, respectively [152] just like the pristine CB. 

Table 7.1  Elemental composition from EA results of samples D and E 

Temperature 

(°C) 

Time (h) EA of sample D (wt %) EA of sample E (wt %) 

C H S O* C H S O* 

Pristine CB - 95.3 0.6 0.3 3.9 96.8 0.4 0.6 2.2 

300 4 93.9 0.3 0.2 5.6 95.8 0.3 0.5 3.4 

350 4 94.0 0.1 0.0 5.9 94.6 0.1 0.2 5.1 

400 4 91.2 0.0 0.0 8.8 94.0 0.0 0.1 5.9 

450 4 90.4 0.0 0.0 9.6 93.9 0.0 0.0 6.1 

500 4 89.7 0.0 0.0 10.3 92.8 0.0 0.0 7.2 

550 4 88.1 0.0 0.0 11.9 92.2 0.0 0.0 7.8 

600 4 86.8 0.0 0.0 13.2 91.9 0.0 0.0 8.1 

650 4 84.0 0.0 0.0 16.0 90.4 0.0 0.0 9.6 

700 4 82.2 0.0 0.0 17.8 89.8 0.0 0.0 10.2 

500 1 95.1 0.4 0.2 4.3 96.1 0.3 0.5 3.1 

500 2 94.7 0.1 0.1 5.1 95.9 0.2 0.2 3.7 

500 3 91.0 0.0 0.0 9.0 93.8 0.0 0.0 6.2 

500 4 89.7 0.0 0.0 10.3 92.8 0.0 0.0 7.2 

500 5 88.0 0.0 0.0 12.0 91.3 0.0 0.0 8.8 

500 6 85.4 0.0 0.0 14.6 90.1 0.0 0.0 9.9 

500 7 84.1 0.0 0.0 15.9 88.1 0.0 0.0 11.9 

500 8 83.2 0.0 0.0 16.9 86.8 0.0 0.0 13.3 

* calculated by the difference 

While the distribution of functional groups varied from one sample to another, as shown in 

Figures 7.4 and 7.5, there is a progressive increase in oxygen functional groups with increasing 

temperature and time during the oxidation, largely due to increased oxygen content. The total 

oxygen functional groups ranged from 50.6 to 71.4%, 54.3 to 69.2%, 54.2 to 65.4%, and 49.5 
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to 68.8% for oxidised samples D, E, F and G, compared to 54.2%, 63.0%, 56.1% and 46.6% 

of their pristine CB, respectively. Oxygen functional groups improve the interaction of the 

polymer matrix and the CB and promote bonding during applications [157]. 

Table 7.2 Elemental composition from EA results of samples F and G 

Temperature 

(°C) 

Time (h) EA of sample F (wt %)  EA of sample G (wt %)  

C H S O* C H S O* 

Pristine CB - 95.7 0.6 0.3 3.4 98.0 0.3 0.6 1.1 

300 4 95.0 0.4 0.3 4.3 97.2 0.2 0.4 2.2 

350 4 94.5 0.2 0.1 5.1 96.8 0.1 0.1 3.0 

400 4 91.1 0.1 0.0 8.9 95.0 0.0 0.0 5.0 

450 4 90.6 0.0 0.0 9.4 94.3 0.0 0.0 5.7 

500 4 89.0 0.0 0.0 11.1 93.1 0.0 0.0 6.9 

550 4 85.0 0.0 0.0 15.0 92.1 0.0 0.0 8.0 

600 4 84.5 0.0 0.0 15.5 90.2 0.0 0.0 9.8 

650 4 82.0 0.0 0.0 18.0 88.4 0.0 0.0 11.6 

700 4 95.0 0.4 0.3 4.3 97.2 0.2 0.4 2.2 

500 1 95.0 0.5 0.2 4.3 97.5 0.2 0.5 1.8 

500 2 94.1 0.1 0.1 5.7 96.3 0.2 0.5 3.0 

500 3 94.0 0.0 0.0 6.1 95.0 0.1 0.2 4.7 

500 4 91.1 0.0 0.0 8.9 95.0 0.0 0.0 5.0 

500 5 90.6 0.0 0.0 9.4 94.3 0.0 0.0 5.7 

500 6 87.0 0.0 0.0 13.0 92.2 0.0 0.0 7.8 

500 7 85.0 0.0 0.0 15.0 91.2 0.0 0.0 8.8 

500 8 83.0 0.0 0.0 17.0 90.5 0.0 0.0 9.5 

* Calculated by the difference 
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Figure 7.3 A representative XPS spectrum and deconvoluted high-resolution C1s peak for 

(a) Pristine CB sample E and (b) OXCB-E-500°C 

 

Figure 7.4 The functionality of the oxidised CB samples D and E at different conditions 
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Figure 7.5 The functionality of the oxidised CB samples F and G at different conditions 

7.3.2 The pore structure of the polished CB  

The formation of pores on the surface of the polished samples was accompanied by measurable 

changes in the physical and chemical properties of the particles, particularly the surface area 

and porosity. The N2 adsorption capacity and pore distribution were used to gain insight into 

pore formation during sample oxidation. The BET surface area and pore size distribution were 

determined by examining N2 adsorption and desorption isotherm curves of polished CB 

samples produced under different temperatures and times, as shown in Figure 7.6. After 

oxidation, the polished samples exhibited a typical type IV curve, which is defined by a sharp 

increase in N2 adsorption at a low relative pressure (𝑃/𝑃𝑜 <  0.1) and a hysteresis loop at 

medium relative pressure (0.4 <  𝑃/𝑃𝑜 <  1.0) [183]. The type IV curves are typical 

characteristics of materials with more mesopores than micropores [183,184]. The hysteresis 

loop became wider as oxidation temperature and time increased in Figure 7.6 (a-b), indicating 
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that more mesopores were generated. Oxygen can attack the reactive sites of the carbon 

nanoparticle shell to create perforated mesopores [121]. More oxygen may penetrate the 

particle skin and etch the amorphous core, creating hollow structures [117] and widening the 

pores through the perforated mesopores. The sharp increase in N2 adsorption at a relative 

pressure (P/Po) close to 1.0 in all the CB oxidation experiments is an indication of the presence 

of large mesopores (> 20 nm) or macropores [183]. The type of porosity (micro-, meso- and 

macropore) in the oxidised samples was confirmed via assessment of pore size distribution 

with changing temperature and oxidation time, as shown in Figure 7.7. The pore size ranged 

from 0 to 217 nm, with the bulk of the pores being less than 50 nm, suggesting the development 

of more micropores (0 to 2 nm) and mesopores (2 to 50 nm) than macropores (> 50 nm). It 

should be stressed that the pore size distribution accounts for pores in the nanoparticles 

themselves and the voids between the particles. Figure 7.8 shows the BET surface area and 

total pore volume of all the oxidised samples as a function of the burn-off (Bt). The results 

showed that the BET surface area of the oxidised samples initially increased linearly (reaching 

a maximum of 383.2 m2g-1, 343.7 m2g-1, 467.8 m2g-1 and 375.3 m2g-1 for polished samples D, 

E, F and G, and then gradually decreased as shown in Figure 7.7. These represent a 20-fold, 

27-fold, 34-fold and 26-fold increase in the surface area of the oxidised samples D, E, F and 

G, respectively, relative to their pristine CBs. The increase in the BET surface area may be 

linked to porosity in the oxidised nanoparticles during oxidation [121,127,129,130]. The size 

amorphous core of the pristine CB depends on the particle size and basic structural unit; hence, 

CB with the largest amorphous core can produce the highest BET surface area during oxidation. 

For example, samples D and F made from STPO had the largest average particle size of 124 

nm and 128 nm and could achieve the maximum BET surface area of 383.2 and 467.8 m2g-1, 

respectively, at a temperature of 600 °C at 6 h. 
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Figure 7.6 N2 adsorption & desorption isotherm of the polished CB samples at different 

conditions 

To confirm this assertion, the measured average particle size of representative sample D from 

a Mastersizer instrument was relatively the same for the pristine CB and oxidised samples (~ 

140 ± 15 nm), indicating that the size of the particles did not change during the oxidation 

experiments. However, the particle size changed with increasing temperature and time, as 

shown in Figure 7.9 (from Mastersizer). The particle size distribution becomes wider with 

increasing temperature or time. This observation suggests that some of the small nanoparticles' 

shells might have fractured and combined with other nanoparticles to form large ones. While 

it should be noted that the Mastersizer particle size distribution is only a reflection of the sizes 

of particle aggregates and not the primary particles [30], this agrees with the observations from 

the TEM. Similar to the BET surface area trend results, the pore volume of the oxidised samples 



131 

 

increased linearly, reaching a maximum of 0.49 cm3g-1, 0.38 cm3g-1, 0.54 cm3g-1 and 0.56 cm3g-

1 for oxidised samples D, E, F and G, respectively and then decreased. The decrease in both 

BET surface area and pore volume of the oxidised samples was more significant with 

increasing temperature than time and could be attributed to the collapse of the nanostructure as 

the skin is inevitably consumed [124]. 

 

Figure 7.7  Pore size distribution of the polished CB samples 

The decreased BET surface implies the collapse of the nanoparticles happens after 550 °C at 4 

h corresponding to the burn-off of 62%, 55%, 75% and 54% for oxidised samples D, E, F and 

G, respectively. Also, after 6 h at 500 °C, which corresponds to burn-off of 56%, 51%, 60% 

and 45% for samples D, E, F and G, respectively. The size of the available pores is very 

important in assessing the performance of the oxidised samples during applications.  
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Figure 7.8 Surface area and pore volume of the oxidised samples as a function of burn-off 

 

Figure 7.9  A representative particle size distribution of pristine and polished sample D 
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It is primarily controlled by the surface area, size of the amorphous core, and size of the basic 

structural unit of the CB. 

7.3.3 Structural morphology of the polished CB samples 

Representative sequential micrograph images of both the pristine and polished CB samples D 

and G shown in Figures 7.10 and 7.11 illustrate the progressive conversion of CB particles into 

pores or hollow shells. Figures 7.10a and 7.11a show the core-core structure of the pristine CB. 

The pristine samples D, E, F and G, mean particle sizes are ~ 124 nm, 105 nm, 128 nm and 

102 nm, respectively. However, the CB nanoparticles were progressively transformed from 

solid particles to hollow shells with increasing oxidation time and temperature. A comparison 

between the polished samples at different stages of development demonstrates the evolution of 

patches within the amorphous core progressing towards the hollowing structure of the particles. 

In the meantime, there did not appear to be any decrease in the average particle sizes between 

the most and least polished CB samples, suggesting that the CB were not consumed from 

outside. The observations above indicate that the amorphous core is consumed from within, 

leaving only the highly graphitised shell in its place. Oxygen is known to penetrate the CB 

particle shell through the perforated mesopores to etch the more reactive amorphous core, 

creating large cavities [121]. The rapid consumption of the amorphous core and relatively slow 

consumption of shell structure during oxidation is typical of an internal oxidation model [185]. 

Although not calculated here, prior experimental investigations found that the rate of internal 

core burning is 10 times higher than the shell consumption [185]. Although the size of the 

oxidised nanoparticles was not altered after oxidation, the shell structure became more 

graphitised at the longest oxidation time and temperature. This may be ascribed to the ordered 

curvature of the graphene layers before the collapse of the nanoparticle shell and the 

introduction of oxygen functional groups, as evidenced by the increased O content in the 

resultant oxidised samples (Table 7.1 – 7.4) [121,186]. It is also evident from the TEM 
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micrographs that the conversion of CB to hollow shells was not homogenous throughout the 

aggregates. There seems to be evidence supporting the preferential formation of hollow spheres 

from smaller nanoparticles as observed under an oxidation condition of 500 °C and 2 h for 

samples D and G (Figures 7.10b and 7.11b). 

 

Figure 7.10   Representative TEM micrograph images of the pristine sample D and its 

oxidised product at different oxidation times (temperature was fixed at 500 °C) 

However, the transformation from solid to hollow carbon nanosphere (HCNS) was almost 

completed at oxidation temperature ~ 500 °C after 4 h, and some of the nanoparticles are almost 

“transparent” (Figures 7.10c and 7.11c). However, when the oxidation time was increased to 8 

h, there was evidence of overconsumption of the HCNS that have application in energy storage) 

leaving only small fragments of shell intact, especially on the smaller nanoparticles (Figures 

7.10d and 7.11d). There seems to be a preferential conversion of smaller-sized CB particles to 

HCNS where, as evidenced by the TEM images in Figures 7.10 and 7.11, the amorphous cores 



135 

 

of smaller particles are consumed faster than those of larger particles. This is because smaller 

particles have greater specific surface area per unit volume; hence incur a greater rate of 

oxidation than the larger particles with less specific surface area per unit volume and more 

amorphous core materials to be consumed. 

 

Figure 7.11  Representative TEM micrograph images of the pristine sample G and its 

oxidised products at different oxidation times (temperature was fixed at 500 °C) 

Therefore, the size of the voids between particles can increase when some of the fractured 

nanoparticle shells are combined, as shown in Figures 7.10e and 7.11e, to form larger HCNS. 

Indeed, the formation of HCNS by air oxidation of CB is a process in which oxygen 

preferentially attacks the amorphous core of the CB particle without oxidising the outer layer, 

eventually forming the shell of a hollow sphere. The fact that oxygen is not attacking the shell 

in the first place is because the outer layer of the particle was exposed to oxygen and high 

temperature in the CB formation process. Therefore, it was relatively more graphitized, 
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incurring lower oxidation reactivity. This outer layer survived the CB formation process while 

preventing the inner amorphous core from oxidation or further carbonization. As such, the core 

remains more reactive than the partially graphitized shell.  

7.4 Summary  

An investigation into the improvement of CB samples from STPO and HRF was successfully 

conducted, revealing the effect of temperature and time on the burn-off and other properties of 

the oxidised samples, including surface area, pore volume, oxygen functional groups, and 

particle size. The oxidation conditions (i.e., temperature and time) underpinned the burn-off, 

BET surface area and pore volume. The burn-off was consistently higher in oxidised samples 

(D and E) from STPO than samples (F and G) from HRF, mainly due to the large amorphous 

core associated with their particle size distribution. The formation of the pores follows the 

internal oxidation model, in which the amorphous core was preferentially consumed and 

rapidly etched, and the consumption of the shell was relatively slow. Increasing the oxidation 

temperature or time leads to a higher BET surface area, pore volume, oxygen functional group 

and O content at the expense of the burn-off and C content. The BET surface area of the 

oxidised samples (D, E, F and G) increases linearly, reaching a maximum of 383.2 m2g-1, 343.7 

m2g-1, 467.8 m2g-1 and 375.3 m2g-1, respectively, due to the development of porosity at 

temperature and time of 550 °C (4 h) and 6 h (500 °C). The BET surface area increases until a 

critical point is reached, after which the carbon structure collapses, causing a substantial loss 

of the accessible surface area. At extremely oxidation conditions, hollow carbon nanospheres 

(HCNS) with applications in energy storage and supercapacitors were formed, which is 

expected to enhance the product value.  
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Chapter 8 Evaluation and practical implications  

8.1 Introduction  

The findings from the entire thesis work, as presented in the previous four chapters, are 

integrated and evaluated against the specific objectives and literature data. In addition, the 

practical implications are identified.  

8.2 Integration of experimental findings  

The study has provided strong, convincing and systematic evidence that CB can be successfully 

prepared via partial oxidation of STPO and HRF in a drop-tube furnace simulating the furnace 

black process. By studying the effect of operating conditions on the yield and quality of CB, 

the results showed that CB yield increases and then decreases with increasing operating 

temperature but decreases as the residence time or oxygen to feed ratio increases for both 

feedstocks. There is a trade-off between the CB yield and quality dictated by the operating 

conditions (i.e., temperature, residence time and oxygen to feed ratio). For instance, the higher 

the operating temperature, the better the CB quality at the expense of the CB yield. Once most 

volatile contents were converted into CB, an additional increase in the operating temperature 

would decrease CB yield. At higher temperatures, the carbon consumption rate is greater than 

the CB formation rate due to the enhanced rate of chemical reactions. 

Similarly, high oxygen content has a greater ability to oxidise the feedstock and would 

preferentially convert hydrogen and oxygen into water and carbon monoxides. However, 

removing the oxygen and hydrogen from the feedstock is not practical without getting rid of 

some of the CB, hence the lower yield. The decreased CB yield with extended residence time 

may be due to the enhanced gasification of carbon by O2, H2O and CO2. Under different process 

conditions, the CB yield ranges from 27.6 – 60.7% and 28.1 – 61.2% for STPO and HRF, 
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respectively. The actual carbon content of the decomposing feedstocks is 87.0% (STPO) and 

88.7% (HRF). On a carbon basis, the obtained CB yield ranges from 31.7 – 68.8% (for STPO) 

and 31.7 – 69.0% (for HRF), which is good after the loss of hydrogen, oxygen and sulphur 

content of the decomposing feedstocks.  

CB quality was also improved as the residence time or oxygen to feed ratio increased but at the 

expense of a reduction in the CB yield. Overall, the elemental C content, volatile content, and 

BET surface area ranges from 86.9 – 97.6%, 0.6 – 11.5%, and 3.8 – 22.3 m2g-1 for STPO and 

87.6 – 98.7%, 0.8 – 52.7%, and 8.4 – 24.2 m2g-1 for the HRF, respectively. The volatile matter 

may be trapped within the void space between CB primary particles to block the active surface 

or prevent the development of pores. With increasing temperature and oxygen to feed ratio, the 

BET surface increased mainly due to the degradation of volatile content and the formation of 

pores via gasification on the CB surface. Ash content of the CB samples is low (< 0.2%) and 

did not correlate with the operating conditions, suggesting that it is controlled by the total 

concentration and heterogeneity of the decomposing feedstocks. A contour diagram of CB 

yield and C content is shown in Figures 8.1 (HRF) and 8.2 (STPO) to indicate the operating 

regime suitable for the production of CB based on the RSM model predictions. At an operable 

temperature regime of ~ 1230 - 1370 °C, a lower residence time of < 20 s is required to obtain 

a CB yield ≥ 55%, whereas higher C content of ≥ 97% is possible at temperature  >  1250 °C 

in the residence time range of 5 – 60 s (at a fixed O/F ratio of 453) in Figure 8.1a. When the 

residence time was fixed at 32.5 s, low oxygen to feed ratio of < 300 would be necessary to 

achieve ≥ 55% CB yield within the operating temperature regime of 1230 – 1340 °C, whereas 

to ensure the quality of CB at ≥ 97% would require maintaining the temperature above 1300 

°C in Figure 8.1b. Finally, where the operating temperature was fixed at 1250 °C, there is a 

minimal operable regime to achieve CB yield ≥ 55% (i.e., at oxygen to feed ratio of < 300 and 
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residence time of < 15 s) and C content ≥ 97% (i.e., at oxygen to feed ratio of < 600) in Figure 

8.1c.  

 

Figure 8.1  A contour profile for the HRF CB 

A similar trend in observation as in Figure 8.1 was found for STPO in Figure 8.2, but with 

slightly different values as expected due to variation in the physical and chemical properties of 

the HRF and STPO. Polishing using simple air oxidation under controlled conditions was 

carried out to upgrade the CB. The results showed that increasing the temperature (300 to 700 

°C) and oxidation time (1 to 8 h) led to high burn-off in the range 2.6 – 90.8% (STPO) and 0.3 

– 83.8% (HRF). With the increasing burn-off, the BET surface area and pore volume increase 

linearly, reaching a maximum of 467.8 m2g-1 and 0.54 cm3g-1 (STPO) and 375.3 m2g-1 and 0.56 

cm3g-1 (HRF) due to the removal of the amorphous core, then decrease because of the collapse 

of the shell of the carbon nanostructure.  

The HRTEM imaging studies indicated that the change in the BET surface area corresponds to 

the formation of the pores as the amorphous core as the CB particle was preferentially 
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consumed during oxidation to create a hollow carbon nanosphere (HCNS). At higher operating 

temperatures and longer oxidation time, hollow carbon nanospheres (HCNS) were found, 

adding more value to the products.  

 

Figure 8.2  A contour profile for the STPO CB 

8.3 Evaluation against the specific research objectives 

The specific research objectives stated in Chapter 2 were achieved through a systematic and 

thorough study according to the methodology explained in Chapter 3, then reported in Chapters 

4, 5, 6 and 7. CB was successfully prepared via partial oxidation STPO and HRF in a drop tube 

furnace simulating the furnace black process as detailed in Chapters 4 and 5. In those Chapters, 

the effect of operating temperature, residence time and oxygen concentration were 

systematically studied on the yield and quality of the CB product. However, the STPO was 

from an industrial retort process operated at 550 °C. Considering the different characteristics, 

which different types of STPO may be possessed under other operating conditions, their CB 

yield and properties may differ in a drop tube furnace. Therefore, it would be scientifically 
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interesting and practically useful to clearly define the key characteristics of STPO and relate 

them to the yield and properties of CB.   

In Chapter 6, RSM was successfully utilised to optimise the process variables (i.e., operating 

temperature (1100 - 1400 °C), residence time (5 – 60 s) and oxygen to feed ratio (174 – 732). 

The optimal CB yield and quality were identified and validated for the feedstocks with these 

process conditions. The impact of operating conditions on the CB yield or quality was 

successfully determined. Operating temperature and residence time strongly influenced the CB 

yield, whereas CB quality was sensitively dependent on the operating temperature and oxygen 

to feed ratio. Due to experimental instrument limitations, the current experiments were 

performed at the process variable range T (1050 to 1400 °C) and tr (5 to ~ 60 s). Therefore, 

further studies on CB yield and properties using STPO feedstock under typical commercial CB 

production conditions (T: 1100 to 1900 °C, and tr: ≤ 1 s) are necessary before utilising STPO 

commercially. In addition, in the current study, the degree of atomisation that affects the 

nucleation stage of CB formation and, in turn, the CB yield and properties were not evaluated. 

However, further study on the effect of feedstock atomisation from STPO and HRF is necessary 

to understand better the interaction between CB yield, properties, and the process operating 

conditions.  

The third specific objective, namely the characterisation of CB products for physicochemical 

properties, including textural appearance, surface chemistry and structural morphology, was 

successfully conducted on the samples produced in Chapters 4, 5 and 6. This leads to 

understanding the effect of the operating conditions, including operating temperature, 

residence time, and oxygen to feed ratio, on the quality of the resultant CB products. In Chapter 

7, simple air oxidation was performed to polish CB prepared from STPO and HRF. The 

polished sample was successfully characterised for textural appearance, surface chemistry and 

structural morphology, leading to the formation of hollow carbon nanospheres (HCNS) at 
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higher temperatures and longer oxidation time. The observed HCNS could add more value to 

the CB products. However, it would be important to understand (i) the effect of operating 

conditions on the yield of HCNS from STPO and HRF and (ii) the effect of CB preparation 

conditions on the size and properties of the HCNS produced from both feedstocks in a future 

study.   

8.4 Evaluation against the literature data  

Quantitatively, the results obtained in this study are in ball packs with the literature data without 

any abnormal deviation. The observed difference in the CB yield values may be attributed to 

the feedstock type, composition, experimental conditions and adopted decomposition method 

(i.e., pyrolysis or partial oxidation).   

8.4.1 Effect of temperature, residence time and oxygen concentration on CB yield  

As mentioned in Chapter 2, the industrial CB yield using conventional feedstocks in furnace 

black production technology ranged from 35 to 75%, depending on the operating temperature, 

degree of atomisation, residence time and oxygen to feed ratio. In this study and under certain 

conditions (Table 8.1), the experimental results ranged from 28 – 52% to 38 – 59% for the 

STPO and HRF. Literature studies reported comparable CB yield (Table 8.1) using different 

tyre pyrolysis oil (i.e., AFR, Conrad and Metso tyre oils: 21 to 58%) and conventional 

feedstocks (26 – 63%), but substantially low CB yield for biomass pyrolysis oil (7 to 11%). 

Besides process variables, the comparable yield CB is primarily due to the decomposing 

feedstocks' chemical and physical properties, including density, kinematic viscosity, higher 

heating rate, sulphur, carbon, hydrogen, and aromatic contents. Notably, most experimental 

studies on CB production adopted a pyrolysis method using N2 as a carrier gas, thus not 

depicting the actual industrial CB production. The assumption of pyrolysis conditions is unreal 

and a significant limitation of the CB literature. In industrial CB production, primary fuels are 
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combusted to produce the flame and maintain the operating temperature of the furnace; 

therefore, it is very practicable to have oxygen inside the system even at stoichiometric 

conditions. This study utilised partial oxidation to simulate the actual CB production.  

Chapters 4 and 5 of the current study show that the CB product yield is strongly linked to the 

process operating conditions. RSM was utilised in Chapter 6 to capture the complex 

interactions between the process operating conditions (i.e., T, tr and O/F) on the CB yield for 

both feedstocks for the first time in the literature. The relative contribution in terms of 

significance for each process operating condition on the CB yield is shown in Figure 8.3. 

Again, the temperature is the most significant variable, accounting for more than 80% of the 

change in the CB yield. The second and third determinant variables are O/F and tr for both 

feedstocks. Due to its high viscosity, more oxygen is required to vaporise and decompose the 

HRF feedstock into CB.  

 

Figure 8.3  Significance of process operating conditions in CB yield for both feedstock 

Finally, while most of the literature focuses on the pyrolysis of the feedstock under a fixed set 

of operating conditions, the current study simulates the industrial furnace black manufacturing 

of partial oxidation.  
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Table 8.1  A comparison of the current experimental results on the CB yield with literature 

data for different feedstocks and process variables 

Feedstock type  T 

(°C) 

tr (s) O/F Feedstock 

flow rate 

(mL min-1) 

Method  CB yield 

(%) 

Ref. 

AFR tyre oil  1100 5  - 0.10 Pyrolysis 48  

 

 

 

[12] 

Conrad tyre oil 1100 5  - 0.10 Pyrolysis 56 

Conrad tyre oil  1100 20  - 0.10 Pyrolysis 53 

Conrad tyre oil 1100 20 1136 0.11 Partial 

oxidation 

21 

Conrad tyre oil 1100 20 - 0.11 Pyrolysis 52 

Metso tyre oil 1100 20 - 0.11 Pyrolysis 58 

Exxon bunker  1100 20 - 0.16 Pyrolysis 50 

Biomass oil  1100  ~ 20 - 0.3 Pyrolysis 7.9  

 

[13] 

Biomass oil 1300 ~ 20 - 0.3 Pyrolysis 10.6 

Biomass oil 1500 ~ 20 - 0.3 Pyrolysis 9.7 

Biomass oil 1700 ~ 20 - 0.3 Pyrolysis 7.0 

Benzene – 

naphthalene  

1200 0.11 - N/A Pyrolysis 40 – 43   

 

 

 

 

 

 

 

[79] 

Acetylene – 

anthracene  

1200 0.11 - N/A Pyrolysis 42 – 43 

α-methyl 

naphthalene  

1200 0.11 - N/A Pyrolysis 52 

Acetylene –  

benzene  – 

naphthalene 

1200 0.11 - N/A Pyrolysis 35 – 38  

Acetylene – 

benzene – 

anthracene  

1200 0.11 - N/A Pyrolysis 34 – 35    

Carbon 

tetrachloride 

(CCl4) 

1300 0.074– 0.116 - N/A Pyrolysis 46 – 63   
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Benzene  1200 0.079 - 0.125 - N/A Pyrolysis 26 – 40  

 

[81] 

Ethyne (C2H2) 1400 0.113 - N/A Pyrolysis 26 

 

 

STPO 

1400 18.9 324 1.5  

Partial 

oxidation 

 

 

51.7  

 

 

 

This 

study 

1350 18.9 324 1.5 55.3 

1050 18.9 324 1.5 28.0 

1350 18.9 1620 1.5 36.1 

1350 59.7 456 1.5 50.4 

 

 

HRF  

1400 18.9 183 3  

Partial 

oxidation 

 

55.4 

1350 18.9 183 3 59.0 

1100 18.9 183 3 41.0 

1350 18.9 2121 3 37.5 

1350 59.7 405 3 50.0 

N/A – not available,  

In addition, it assessed CB yield under different process operating conditions (i.e., operating 

temperature, residence time and oxygen concentration) and evaluated their significance.    

8.4.2 Effect of temperature, residence time and oxygen concentration on CB properties  

There is strong evidence in this present work suggesting that the CB properties were enhanced 

with increasing operating temperature, residence time and oxygen concentration, which is in 

good agreement with other studies in the literature. CB properties were assessed using BET 

surface area, mean primary particle size, ash content, volatile content, aggregate structure, 

elemental compositions and oxygen functional groups. The current study results are within the 

range of the findings of other studies. The present research results have demonstrated that as 

the operating temperature and oxygen concentration increased for STPO and HRF, the C 

content, BET surface area, pore volume, mean particle size, aggregate structure, and C-C 

functional group (polyaromatics) are enhanced at the detriment of the volatile content. 

However, the BET surface area, pore volume and mean particle size decreased with increasing 

residence time because CB particles can also grow via nuclei collision to fill the voids with 
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extended residence time. A comparison of some of the current experimental results with the 

literature data is shown in Table 8.2.  

Table 8.2  A comparison of current experimental results with the literature data on 

commercial CB products for some of the CB properties 

Feedstock Type 
XPS (% at) BET 

m2g-1 

The functional group (%) 
Reference 

C O S 𝐶 − 𝐶 𝐶 − 𝑂𝐻 𝐶 = 𝑂 𝐶𝑂𝑂𝐻 

- N326 83.8 15.7 0.0 71.0 41.8 37.6 15.8 4.8 
[156]  

- N774 86.9 12.6 0.0 32.0 57.9 29.4 8.1 4.5 

- N330 94.4 5.0 0.6 - 50.1 35.5 9.8 4.7 [155] 

Natural 

gasa 

CC N880 98.1 1.9 0.0 12.3 91.5 2.0 0.0 0.0 

[163] 

CC N991 98.1 1.9 0.0 9.5 90.1 0.8 0.9 0.7 

CC N990 98.4 1.6 0.0 10.3 89.0 0.8 0.9 0.1 

Natural 

gas 

GP N991 99.3 0.7 0.0 9.8 89.3 1.2 0.0 0.0 

LU N880 97.7 2.3 0.0 13.8 89.4 0.0 1.7 0.9 

Oil SC N990 99.0 0.8 0.2 7.6 90.8 1.1 0.0 0.0 

Diluted oil AS N880 99.2 0.7 0.1 25.4 91.5 0.7 0.0 0.1 

 

STPOb 

1400 °C/5% 97.4 2.4 0.2 20.7 51.4 26.2 11.2 11.2  

This study 1350 °C/21% 94.9 4.2 0.6 22.3 39.1 36.0 12.4 12.5 

 

HRFb 

1400 °C/5% 97.1 2.6 0.2 17.6 45.6 28.7 12.9 12.9  

This study 1350 °C/21% 96.3 3.3 0.2 24.2 43.9 30.4 12.8 12.9 

a 97% methane, b fixed at 18.9s tr, - not indicated  

The trends in the result from this study are in agreement with the literature data for STPO and 

other conventional feedstocks [36,40,117]. Wójtowicz et al. [12] reported BET surface area (8 

to 33 m2 g-1) and mean particle size (62 to 139 nm) for different STPO (i.e. Conrad, Metso and 

AFR tyre oils) at 1100 °C, which was comparable to 7 m2g-1 and 141 nm from a conventional 

CB feedstock (i.e. Exxon bunker oil) under similar experimental conditions. The BET surface 

area and mean particle size range are 9 to 22.3 m2g-1 and 92 to 176 nm (STPO), 8.4 to 24.2 

m2g-1 and 99.9 to 202 nm (HRF), respectively, in this current research. The BET surface area, 
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elemental composition and oxygen functional groups of some commercial CB products 

compared with the present study (at certain process variables) are shown in Table 8.2. The BET 

surface area ranges from ~ 18 to 24 m2g-1 and is comparable to the surface area (7.6 to 25.4 

m2g-1) for most commercial CB from conventional feedstocks in Table 8.2. The commercial 

products N326 and N774, with much higher BET surface area at 71 m2g-1 and 32 m2g-1, have 

lower C content and carboxylic functional group than the STPO and HRF CB samples in Table 

8.2. The ash content of the CB from the STPO and HRF, which did not correlate with the 

changing process variables or feedstock, was consistently low at < 0.2% compared to the 0 – 

0.38% range widely reported for commercial CB [8].  

As the CB quality is strongly linked to the process operating conditions, RSM was employed 

to explore their interaction and significance on the CB quality in terms of C content. In Figure 

8.4, the relative contribution of each process variable is depicted. As expected, the temperature 

is the most significant variable, accounting for more than 78% of the variation in the CB 

quality, followed by the residence time and oxygen to feed ratio at ~ 14% and 8%, respectively, 

in both feedstocks.  

 

Figure 8.4  Significance of process operating conditions in CB quality for both feedstock 
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These findings enhance the knowledge of how the change in the process operating conditions 

of temperature, residence time and oxygen concentration affect the properties (i.e., quality) of 

CB produced using STPO and HRF. 

8.4.3 Effect of temperature and time on the polished CB products 

The results of the CB oxidation study support the evidence that simple air oxidation can alter 

the textural properties (i.e., surface area and pore volume) and surface chemistry of the CB 

[36,87,118–120] and hence are comparable with the literature data. Table 8.4 shows studies on 

some notable commercial CB products oxidised using different reactors and operating 

conditions. The current research and literature data trend suggested that as the burn-off 

increased, the BET surface area and pore volume initially increased linearly due to the removal 

of the amorphous core and then decreased because of the collapse of the shell of the carbon 

nanosphere. Some literature report burn-off and BET surface area, while the others only 

considered BET surface area and surface oxygen composition. The current study assessed the 

burn-off, BET surface area, pore volume, surface chemistry and morphological features of the 

polished CB samples. As shown in Table 8.4, the current study results were comparable to the 

literature data, where the burn-off, BET surface area, and pore volume of the oxidised CB 

ranges from 2.6 to 90%, ~16 to 467.8 m2g-1 and 0.032 to 0.56 cm3g-1.  

The average primary particle size remained relatively unchanged irrespective of the oxidation 

conditions for CB from STPO and HRF, suggesting that the increased surface area of the 

samples was due to the preferential consumption of the amorphous core leading to the 

formation of hollow carbon nanosphere (HCNS). No literature has assessed the oxygen 

functionality attached to the surface of the oxidised CB. The current results showed a 

progressive increase in the O2 content of the oxidised samples from ~ 2.2 to 18.1% with 

increasing temperature and oxidation time due to the chemisorption of oxygen during the 

heterogeneous reaction between air and CB. This was supplemented by oxygenated functional 
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groups on the CB surface. HRTEM studies showed evidence of HCNS formation at higher 

temperatures and oxidation time, which could improve the market value of CB products from 

STPO and HRF. 

Table 8.3  A comparison of current experimental results with the literature on polishing of 

CB via a simple oxidation method 

CB  Oxidising 

agent 

Temp. 

(°C) 

Time 

(h) 

Burn-off 

(%) 

Surface area 

(m2g-1) 

Pore 

volume 

(cm3g-1) 

Surface 

O2 

(%) 

Ref.  

N330 Air 450 5 34.1 753.2 - 16.2 [121] 

 

Super-P 

CO2 1000 - 7.2 102.3 0.18 -  

CO2 1000 - 48.2 590.5 0.63 - [187] 

CO2 1000 - 83.2 1107 1.33 -  

Super-P Air 600 0.3 10.5 123.6 0.27 -  

Air 600 1.2 49.9 202.4 0.40 - [130] 

Air 600 1.8 81.0 240.3 0.58 -  

Corax 

N326 

 

 

O2 400 1 - 78.7 - 0.8  

O2 600 1 - 82.9 - 0.4 [128] 

HNO3 95 6 - 86.3 - 2.8  

H2O2 95 6 - 84.4 - 4.7  

STPO Air 500 4 33-34.2 255 – 310.6 0.2 – 0.24 3.9 – 6.1  

 

This 

study  

 

 

 Air 500 8 82-88.1 229 – 361.8 0.2 – 0.51 6.6 – 8.0 

 Air 700 4 88-90.8 47.5 – 132.3 0.1 – 0.12 6.6 – 8.4 

HRF Air 500 4 27-29.5  283.8 – 289  0.2-0.4 4.0 – 6.2 

 Air 500 8 72-76  156 – 296.3 0.1-0.4 6.7 – 8.7 

 Air 700 4 82-83.8  91 – 111.8 0.11 6.5 – 8.6 

 

The present work enhances the knowledge of how the change in the temperature and time 

affects the burn-off and properties (i.e., pore structure, surface chemistry and structural 
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morphology) of oxidised CB from STPO and HRF, leading to the formation of HCNS for 

electrode and supercapacitors applications. 

8.5 Practical implications   

The prospect of utilising STPO and HRF as feedstocks in preparing high-value CB products is 

novel. It might be vital in improving the economic viability of the tyre pyrolysis process. In 

this current research, systematic investigations into the effect of the process variables (i.e. 

temperature, residence time and oxygen concentration) revealed that using STPO and HRF, 

CB with comparable properties as commercial products could be produced under certain 

conditions with reasonably high yields [155,156,163]. In particular, the mean primary particle 

size, low ash content, and BET surface area from the prepared CB, which ranges from ~ 92 - 

202 nm, < 0.2 wt %  and ~ 10.8 - 24.2 m2g-1, respectively, are similar to N700 and N800 series 

CB [117,160], which are considered medium to low-grade rubber reinforcers. Furthermore, the 

unique surface characteristics of the CB from STPO and HRF, particularly the abundance of 

carboxyl groups, will also increase its value. High carboxylic acid functional groups on the 

surface of CB are desirable, as they increase colloidal stability for better handling and 

processing and promote strong bonding, but typically must be introduced to commercial CB 

via auxiliary oxidative treatment at additional production costs [118,120,157]. As an inherent 

feature of the CB from STPO and HRF, this represents another cost-saving avenue during 

production. The combination of the observed primary particle size, BET surface area, surface 

chemistry, ash content and aggregate shape configuration provides a good indication that CB 

from STPO and HRF may be a suitable substitute for commercial products in line with cleaner 

production principles. 

Furthermore, if performance testing proves their suitability, replacing fossil hydrocarbon 

resources with STPO and HRF as commercial CB feedstocks will offer remarkable economic 



151 

 

benefits. The market price of STPO is less than 200 USD tonne-1, and HRF is practically zero 

compared to some notable commercial CB feedstocks at ~ 661 USD tonne-1 for HSFO 180 

(Singapore), ~ 641 USD tonne-1 for HS CBO (Gulf coast), ~ 551 USD tonne-1 for anthracene 

oil (China) and ~ 451 USD tonne-1 for raw coal tar (China) [188]. Moreover, the price of fossil 

hydrocarbon resources can fluctuate by as much as 55% within a single week [188]. Therefore, 

considering that 60% of CB manufacturing costs are associated with the price of the feedstocks 

[8], CB from STPO and HRF may offer cost-effective alternatives to conventional feedstocks. 

The commercial utilisation of STPO and HRF should not require new facilities, as the existing 

CB production plant might suffice, considering similarities in their physical and chemical 

properties with the commercial feedstocks. Under certain oxidation conditions using simple air 

polishing, HCNS with higher market value and applications in electrodes and supercapacitors 

would improve the product value.   
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Chapter 9 Conclusions and recommendations 

9.1 Conclusions  

The present thesis research has enhanced the knowledge of CB preparation from STPO and 

HRF, particularly on the effect of temperature, residence time and oxygen concentration on the 

yield and quality of the resultant CB products. In addition, this current research has provided 

an in-depth understanding of the effect of temperature and time during the polishing of CB by 

simple air oxidation. In this chapter, the main research findings of this thesis research are 

consolidated into conclusions. The evaluations and conclusions of the current research have 

led to the identification of new knowledge gaps that subsequently form recommendations for 

future studies in this field.  

The summary of the key conclusions are as follows: 

• CB was successfully prepared via partial oxidation of STPO and HRF in a drop-tube 

furnace simulating the furnace black process. The effect of operating temperature, 

residence time and oxygen concentration on the yield and quality of CB showed that 

higher temperatures led to higher yield and better quality of the resultant CB products. 

For an increasing operating temperature (up until 1350 °C), the CB yield increased from 

28 to 55% and 41 to 59% for STPO and HRF, respectively, due to (i) successful 

conversion of more oil into CB and (i) reduction of volatile components. However, 

there was a drop in CB yield by ~ 4% at a temperature of 1400 °C for both feedstocks. 

• Quality was improved as the residence time or oxygen concentration increased but at 

the expense of a reduction in the CB yield due to enhanced gasification of CB by O2, 

CO2 and H2O. The improved quality of the resultant CB product at the expense of yield 

suggests the need for a trade-off in the choice of process variables for CB production.  
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• The response surface methodology (RSM) was successfully applied to studying the 

effect of process variables (i.e., temperature, residence time, oxygen to feed ratio) on 

the CB yield and quality, thus optimising the process variables. The results showed that 

the operating temperature has the most significant influence and accounts for more than 

78% variation in the CB yield and quality. While the CB yield is strongly influenced 

by the temperature and residence time, the CB quality, as indicated by the C content, is 

determined by the temperature and oxygen to feed ratio (O/F).  

• The optimal residence time and O/F were similar for STPO and HRF (60 s and 174, 

respectively). However, the optimal temperature was higher for HRF (1368 °C) than 

STPO (1331°C) due to larger droplets associated with the more viscous heavy 

hydrocarbons of the HRF, which require more energy and time to evaporate and 

carbonise. Under the optimum conditions, the CB yield and C content were 53.5% and 

95.7% for STPO, and 55.6% and 98.3% for HRF, respectively.  

• The CB characterisation results indicate that the CB prepared from STPO and HRF are 

comparable to commercial CB products. The HRTEM imaging study showed that the 

CB exhibits typical grape-like structures and fractal aggregates, similar to commercial 

CB. The CB was morphologically complex, with linear and branched aggregates 

accounting for more than 50% of the aggregate shape configuration regardless of the 

change in the process variables. Likewise, the large number of primary particles per CB 

aggregate indicates a high structure that made CB dispersion easier.  

• The mean primary particle size and BET surface area ranged from 92 to 202 nm, and 4 

to 24.2 m2g-1, respectively, for all CB samples, comparable to those of Groups 7 to 9 

rubber series CB. The CB samples from both STPO and HRF were predominantly C 

(87 – 99%) and O (0.9 – 7.8%) with traces of H (≤ 2%) and S (≤ 1.2%), irrespective of 

the operating conditions. The total C content increased as the operating temperature, 
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residence time and oxygen concentration were increased at the expense of O, H, and S, 

as expected. 

• The hydroxyl, carbonyl, and carboxyl groups on the CB surface were consistently 

higher (42 – 69%) under all process conditions than commercial products (0 – 59%), 

which is a desirable trait for enhanced bonding and mechanical properties but typically 

introduced to commercial CB by secondary procedures. Under optimal process 

conditions, CB from HRF had a higher carboxyl oxygen functional group (at 18%) 

compared to CB from STPO (at ~ 13%) and commercial CB (< 5%). 

• A simple polishing method using air oxidation under controlled conditions was 

successfully carried out to upgrade the prepared CB products, leading to the formation 

of abundant hollow carbon nanospheres (HCNS). The results showed that a higher 

temperature and longer oxidation time led to a greater burn-off. As the burn-off 

increased, the BET surface area and pore volume initially increased linearly due to the 

removal of the amorphous core and then decreased because of the collapse of the shell 

of the carbon nanostructure.  

• The maximum BET surface area and pore volume of 468 m2g-1 and 0.54 cm3g-1 for 

STPO, 375 m2g-1 and 0.56 cm3g-1 for HRF, respectively, were achieved at temperature 

(550 °C at 4 h) and oxidation time (6 h at 500 °C).   

• The HRTEM imaging studies indicated that the change in the BET surface area 

corresponds to the formation of the pores as the amorphous core of the CB particle was 

preferentially consumed in oxidation to create a hollow structure. The formation of 

pores follows an internal oxidation model, characterised by rapid core consumption and 

relatively slow shell consumption. A hollow carbon nanosphere (HCNS) was found at 

higher operating temperatures and longer oxidation times.  
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9.2 Recommendations  

Although the overall objectives of the present research have been achieved, new gaps have also 

been identified during the evaluations of the findings from the current study, leading to the 

following recommendations for future research: 

• The STPO used in this study was from an industrial retort process operated at 550 °C; 

however, considering the different characteristics may be possessed by different STPOs 

produced by different tyres using other reactors and under different operating 

conditions. Therefore, further studies using different STPOs in drop tube furnaces are 

recommended.  

• In this current study, the effect of feedstock atomisation, which is difficult to manage 

at a low flow rate, on the yield and properties of CB was not evaluated. Atomisation 

affects the nucleation stage of CB formation, thus altering CB's yield and properties. 

Therefore, further studies on the degree of feedstock atomisation were necessary to 

provide confidence before the commercialisation of STPO and HRF.   

• This study utilised a simulated furnace reactor that could only achieve a maximum 

temperature of 1400 °C and a residence time range of 5 - 60 s. Nevertheless, commercial 

CB is typically produced at the temperature range (1100 - 1900 °C) and residence time 

in order of milliseconds (i.e., ≤ 999 ms) for smaller particles and < 10 s for larger 

particles. Therefore, further studies on those operating conditions are suggested. 

Additionally, it would be interesting to understand the CB yield and corresponding 

product properties dynamics in a pilot plant that can combust primary fuels to elevate 

and maintain the temperature before the injection of the feedstocks, similar to the 

commercial furnace black process.  
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• CB has several industrial applications, such as filler in rubber reinforcement, catalytic 

support, an electrical conductivity agent in batteries, nanomaterials for heavy metal 

removals, an ultraviolet stabiliser and porous materials; however, the applications of 

CB prepared in this current research work have not been explored. Moreover, the 

oxygen functional groups that indicate reactivity were higher for CB from STPO and 

HRF than the commercial CB products. Exploring their industrial application would be 

an exciting topic for future research.  

• In the current study, the formation of hollow carbon nanosphere (HCNS) during the 

polishing of CB by simple air oxidation was observed at certain temperatures and times 

in the HRTEM images of both CB from STPO and HRF. However, a further systematic 

study is necessary to understand better the interaction of the oxidation and CB 

preparation conditions on the formation and size of these HCNS. It would also be 

interesting to explore the industrial application of observed HCNS in energy storage 

systems.   
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APPENDICES 

Table A 1  GC-MS analysis of the chemical composition of the STPO 

Peak no Retention time 

(min) 

Identification Peak area (%) 

1 3.3 2-Pentene, 3-methyl-, (Z)- 0.26 

2 3.4 Cyclopentane, methyl- 0.16 

3 3.57 2,4-Hexadiene, (E,Z)- 0.22 

4 3.65 1,3-Cyclopentadiene, 1-methyl- 0.60 

5 3.73 1,3-Cyclopentadiene, 1-methyl- 0.53 

6 3.85 Isopropenylcyclopropane 1.30 

7 4.05 Benzene 2.30 

8 4.22 Cyclopentene,3-methylene- 0.18 

9 4.46 Cyclohexene 0.28 

10 4.66 (Z)-Hex-2-ene, 5-methyl- 0.16 

11 4.74 1-Heptene 0.12 

12 5.07 1,3-Pentadiene, 2,4-dimethyl- 0.69 

13 5.34 1-Pentene, 2,4,4-trimethyl- 0.31 

14 5.43 2-Pentyne, 4,4-dimethyl- 0.46 

15 5.74 Cyclohexane, methyl- 0.15 

16 6.01 3-Hepten-2-one, (E)- 0.25 

17 6.44 Cyclohexene, 4-methyl- 0.28 

18 6.61 1,3,5-Hexatriene, 2-methyl- 0.40 

19 7.04 1,3-Cycloheptadiene 0.25 

20 7.2 Cyclobutane, (1-methylethylidene)- 1.30 

21 7.39 Cyclopentane, 1,3-bis(methylene)- 0.18 

22 7.58 1,3,5-Hexatriene, 3-methyl-, (Z)- 0.17 

23 7.83 Toluene 13.52 

24 8 Cyclohexene, 4-methyl- 0.51 

25 8.14 Thiophene, 3-methyl- 0.31 

26 8.41 Cyclohexane, 1,3-dimethyl-, trans- 0.24 

27 8.62 3-Methylenecyclohexene 0.24 
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28 9.16 1-Heptene, 2-methyl- - 

29 9.31 Cyclopentanone - 

30 9.38 2-Octene, (E)- 0.43 

31 10.14 2-Pentene, 2,4,4-trimethyl- 0.12 

32 10.63 1,3-Hexadiene, 2,5-dimethyl- 0.21 

33 11.61 1,3-Dimethyl-1-cyclohexene 0.76 

34 12.25 Cyclohexene, 4-ethenyl- 0.17 

35 12.65 Methyl ethyl cyclopentene - 

36 13.41 Cyclohexene, 4-ethyl- - 

37 13.97 Benzene, 1,3-dimethyl- - 

38 14.39 Ethylbenzene 4.69 

39 14.72 Cyclohexene, 1,6-dimethyl- - 

40 15.01 p-Xylene 9.69 

41 15.36 2,4-Hexadiene, 2,5-dimethyl 0.15 

42 16.15 Ethanone, 1-(2-methyl-2-cyclopenten-1-y - 

43 16.72 Styrene 2.50 

44 16.83 Benzene, 1,3-dimethyl- 2.04 

45 17.04 1-Nonanol - 

46 17.65 Cyclohexane, 1,4-bis(methylene)- - 

47 18.52 1,3-Cyclohexadiene, 1,2,6,6-tetramethyl- - 

48 19.48 Benzene, 1,3,5-trimethyl- 0.88 

49 21.01 6,6-Dimethylhepta-2,4-diene - 

50 21.26 Benzene, 1-propenyl- 0.16 

51 21.7 1,3,6-Heptatriene, 2,5,6-trimethyl- 0.13 

52 21.85 Benzene, propyl- 0.95 

53 22.06 D-Limonene 0.26 

54 22.2 Benzenemethanol, 4-ethyl- - 

55 22.53 Benzene, 1-ethyl-4-methyl- 2.29 

56 23.09 Benzene, 1,2,3-trimethyl- 0.67 

57 23.94 Benzene, 1-ethyl-2-methyl- 0.60 

58 24.23 .alpha.-Methylstyrene 0.53 

59 24.45 Benzonitrile 1.81 

60 24.75 Tricyclo[5.2.1.0(1,5)]decane 0.14 
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61 25.04 Benzene, 1,3,5-trimethyl- 2.44 

62 25.19 Indane 0.53 

63 25.45 Benzene, 1-ethenyl-3-methyl 0.26 

64 25.87 Cyclohexanemethanol, 4-methylene- 0.12 

65 26.21 Pyridine, 3,4-dimethyl- 26.21 - 

66 26.45 2-Dimethylamino-3-methylpyridine 0.19 

67 26.94 Benzene, 1-ethyl-3,5-dimethyl- - 

68 27.28 Benzene, 1,3,5-trimethyl- 1.93 

69 27.62 Benzene, 1-methyl-3-(1-methylethyl)- 5.14 

70 27.91 D-Limonene 2.56 

71 28.24 Indane 0.69 

72 28.55 Cycloheptene, 5-ethylidene-1-methyl- - 

73 28.94 Indene 0.53 

74 29.76 Benzene, 1-methyl-3-propyl- 0.42 

75 30.12 Benzene, butyl- 0.29 

76 30.35 Benzene, 1-ethyl-3,5-dimethyl- 0.94 

77 30.9 Benzene, 1-methyl-2-propyl- 0.12 

78 31.85 Benzene, 1-methyl-3-(1-methylethyl)- 0.92 

79 32.29 Benzene, 1-methyl-4-(2-propenyl)- 0.54 

80 32.74 Benzene, 1-methyl-4-(1-methylethenyl)- 0.81 

81 33.13 1-Undecene - 

82 33.63 Benzene, 1-methyl-4-(2-methylpropyl)- 0.21 

83 33.84 Benzonitrile, 4-methyl- 0.22 

84 34.21 Benzene, 1-methyl-4-(1-methylpropyl)- 0.34 

85 34.62 1-Methyl-1-silabenzocyclobutene - 

86 34.94 Benzene, 1,2,4,5-tetramethyl- 0.99 

87 35.79 2,4-Dimethylstyrene - 

88 36.23 Benzene, 1-ethenyl-4-ethyl- 0.45 

89 37 1H-Indene, 2,3-dihydro-5-methyl- 0.67 

90 37.4 2-Methylindene 0.49 

91 37.84 Cyclopropylphenylmethane 0.35 

92 39.25 1H-1,5-Benzodiazepine, 2,3,4,5-tetrahydro - 

93 39.59 Naphthalene 1.17 
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94 39.74 1H-Indene, 2,3-dihydro-4,7-dimethyl- - 

95 40.19 Benzene, 2-ethenyl-1,3,5-trimethyl- 0.64 

96 40.67 Benzene, (2-methyl-1-butenyl)- 0.10 

97 41.12 Benzene, (3-methyl-2-butenyl)- 0.49 

98 41.61 2,5-Dimethylbenzyl chloride  

99 43.45 Benzothiazole 1.44 

100 44.3 2-Ethyl-2,3-dihydro-1H-indene 0.15 

101 44.67 Naphthalene, 1,2,3,4-tetrahydro-1,4-dimethyl- - 

102 44.98 Benzene, (2-cyclopropylethenyl)- 0.11 

103 45.34 Benzene, (3-methyl-2-butenyl)- 0.14 

104 45.62 1H-Indene, 1,3-dimethyl- 0.47 

105 45.94 1H-Indene, 1,3-dimethyl- 0.65 

106 46.15 Naphthalene, 1,2,3,4-tetrahydro-1-methyl- 0.18 

107 46.27 1H-Indene, 4,7-dimethyl- 0.53 

108 46.52 Naphthalene, 1,2-dihydro-6-methyl- 0.27 

109 46.79 1,3-Benzenedicarbonitrile 0.42 

110 47.18 Benzene, 2-ethenyl-1,3,5-trimethyl- 0.34 

111 47.3 Benzene, 1,3,5-trimethyl-2-(1,2-propadienyl)- 0.23 

112 47.77 Naphthalene, 1-methyl- 0.93 

113 48.07 Benzene, 2-cyclopenten-1-yl- 0.16 

114 48.56 Benzocycloheptatriene 0.21 

115 48.57 Naphthalene, 1-methyl- 0.89 

116 49.01 Benzene, 4-(2-butenyl)-1,2-dimethyl-, (E)- 0.14 

117 49.38 1H-Indene, 2,3-dihydro-1,1,3-trimethyl- 0.30 

118 49.6 Benzene, 3-cyclohexen-1-yl- 0.19 

119 50.03 Naphthalene, 1,2,3,4-tetrahydro-2,7-dimethyl- 0.10 

120 50.51 4H-1,2,4-Triazole, 4-ethyl- 0.24 

121 51.35 1,2,3-Trimethylindene 0.73 

122 51.58 Benzene, 1,4-bis(1-methylethenyl)- 0.26 

123 51.81 Benzo[b]thiophene, 2,5-dimethyl- 0.27 

124 52.01 Naphthalene, 2,3-dimethyl- 0.21 

125 52.14 Tricyclo[6.4.0.0(3,7)]dodeca-1,9,11-triene 0.22 

126 52.26 Benzene, 1-hexynyl- 0.10 
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127 52.42 Naphthalene, 1,7-dimethyl- 0.66 

128 52.6 Naphthalene, 1,2-dihydro-1,5,8-trimethyl- 0.14 

129 52.91 Naphthalene, 1,6-dimethyl- 0.52 

130 53.02 Naphthalene, 1,7-dimethyl- 1.06 

131 53.55 Naphthalene, 1,2-dimethyl- 0.21 

132 53.77 Quinoline, 2,4-dimethyl- 0.89 

133 54.05 Naphthalene, 1,5-dimethyl- 0.16 

134 54.55 1-Naphthalenol, 1,2,3,4-tetrahydro-2,5,8-trimethyl- 0.28 

135 54.67 6-(p-Tolyl)-2-methyl-2-heptenol 0.19 

136 55.05 1,1'-Biphenyl, 3-methyl- 0.40 

137 55.31 1,1'-Biphenyl, 3-methyl- 0.24 

138 55.48 Pentadecane 0.15 

139 55.58 2-Naphthyl methyl ketone 0.32 

140 56.34 Naphthalene, 1,6,7-trimethyl- 1.19 

141 56.78 Naphthalene, 1,6,7-trimethyl- 0.33 

142 56.86 Naphthalene, 2,3,6-trimethyl- 0.26 

143 57.29 Naphthalene, 2,3,6-trimethyl- 0.31 

144 57.73 Fluorene 0.20 

145 57.83 Benzo[c]furanone, 3,3,4,7-tetramethyl- 0.24 

146 58.11 Diborane(6), tetrapropyl- 0.13 

147 58.23 1,1'-Biphenyl, 2,3'-dimethyl- 0.25 

148 58.41 1,1'-Biphenyl, 2-methyl- 0.11 

149 58.74 Naphthalene, 1-methyl-7-(1-methylethyl)- 0.18 

150 59.28 4-(6,6-Dimethyl-2-methylene-cyclohex-3-enylidene 0.21 

 

151 

 

59.49 

)-pentan-2-one 

Benzene, 1,1'-(1,3-propanediyl)bis- 

 

0.28 

152 60.52 Heptadecane 0.16 

153 60.77 (E)-Stilbene 0.14 

154 61.05 Azulene, 7-ethyl-1,4-dimethyl- 0.28 

155 62.46 Diphenylethyne 0.22 

155 62.46 Diphenylethyne 0.22 

156 62.87 Benzene, 1,1'-cyclopropylidenebis- 0.12 

157 65.52 Anthracene, 1-methyl- 0.12 
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158 66.42 Naphthalene, 2-phenyl- 0.22 

159 67.11 2,4,4,6,6,8,8-Heptamethyl-2-nonene 0.19 

160 69.15 Fluoranthene 0.23 

161 69.72 m-Terphenyl 0.13 

162 69.87 Phenanthrene, 2,3,5-trimethyl- 0.13 

163 70.96 Phenanthrene, 1-methyl-7-(1-methylethyl)- 0.15 
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Table A 2  Experiment and predicted results for CB prepared from STPO feedstock 

Run  Variable  STPO feedstock 

 A B C YEXP (%) CEXP (%) YMODEL (%) CMODEL (%) 

1 1250(0) 5(-) 0.009(+) 57.3 91.9 58.9 92.3 

2 1250(0) 60(+) 0.002(-) 47.2 96.9 46.2 97.1 

3 1100(-) 5(-) 0.0055(0) 41.0 88.7 39.9 88.2 

4 1250(0) 5(-) 0.002(-) 52.2 95.0 53.4 95.3 

5 1250(0) 32.5(0) 0.0055(0) 51.5 93.5 52.3 93.5 

6 1100(-) 32.5(0) 0.002(-) 27.6 89.5 29.3 90.7 

7 1400(+) 5(-) 0.0055(0) 52.2 95.0 53.7 94.8 

8 1100(-) 32.5(0) 0.009(+) 36.6 86.9 38.2 87.9 

9 1100(-) 32.5(0) 0.002(-) 29.9 91.2 29.3 90.7 

10 1100(-) 60(+) 0.0055(0) 29.7 89.7 30.1 90.2 

11 1250(0) 60(+) 0.009(+) 52.9 93.2 52.1 94.4 

12 1100(-) 60(+) 0.0055(0) 31.8 91.2 30.1 90.2 

13 1250(0) 60(+) 0.002(-) 45.6 97.4 46.2 97.1 

14 1250(0) 32.5(0) 0.0055(0) 53.0 93.5 52.3 93.5 

15 1400(+) 60(+) 0.0055(0) 49.2 97.6 49.4 96.7 

16 1250(0) 60(+) 0.009(+) 51.0 95.4 52.1 94.4 

17 1250(0) 5(-) 0.002(-) 55.0 95.8 53.4 95.3 

18 1100(-) 32.5(0) 0.009(+) 39.0 88.7 38.2 87.9 

19 1400(+) 32.5(0) 0.002(-) 47.3 97.6 49.1 97.2 

20 1400(+) 32.5(0) 0.002(-) 51.9 97.1 49.1 97.2 

21 1250(0) 5(-) 0.009(+) 60.7 92.5 58.9 92.3 

22 1400(+) 60(+) 0.0055(0) 48.9 95.4 49.4 96.7 

23 1400(+) 5(-) 0.0055(0) 54.1 94.1 53.7 94.8 

24 1400(+) 32.5(0) 0.009(+) 52.0 95.1 51.5 94.4 

25 1100(-) 5(-) 0.0055(0) 39.7 88.1 39.9 88.2 

26 1400(+) 32.5(0) 0.009(+) 52.1 94.2 51.5 94.4 

Note: YEXP and CEXP are the experimental yield and carbon content, respectively. YMODEL and CMODEL are the yield 

and carbon content, respectively, predicted by the model. 
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Table A 3  Experiment and predicted results for CB prepared from HRF feedstock 

Run  Variable   HRF feedstock  

 A  B  C  YEXP (%) CEXP (%) YMODEL (%) CMODEL (%) 

1 1250(0) 5(-) 0.009(+) 61.2 93.5 60.4 93.9 

2 1250(0) 60(+) 0.002(-) 50.1 97.0 48.8 98.1 

3 1100(-) 5(-) 0.0055(0) 42.8 90.6 41.2 90.8 

4 1250(0) 5(-) 0.002(-) 54.0 96.4 55.0 96.6 

5 1250(0) 32.5(0) 0.0055(0) 52.4 94.5 53.1 94.3 

6 1100(-) 32.5(0) 0.002(-) 29.1 93.8 31.0 92.8 

7 1400(+) 5(-) 0.0055(0) 53.1 96.2 54.7 96.0 

8 1100(-) 32.5(0) 0.009(+) 39.0 87.6 39.6 88.5 

9 1100(-) 32.5(0) 0.002(-) 31.9 92.6 31.0 92.8 

10 1100(-) 60(+) 0.0055(0) 33.8 90.2 32.7 91.6 

11 1250(0) 60(+) 0.009(+) 55.3 95.7 55.1 95.6 

12 1100(-) 60(+) 0.0055(0) 32.3 92.7 32.7 91.6 

13 1250(0) 60(+) 0.002(-) 48.1 98.7 48.8 98.1 

14 1250(0) 32.5(0) 0.0055(0) 53.7 94.0 53.1 94.3 

15 1400(+) 60(+) 0.0055(0) 52.7 98.7 51.8 98.5 

16 1250(0) 60(+) 0.009(+) 54.3 96.8 55.1 95.6 

17 1250(0) 5(-) 0.002(-) 56.6 95.6 55.0 96.6 

18 1100(-) 32.5(0) 0.009(+) 40.3 88.5 39.6 88.5 

19 1400(+) 32.5(0) 0.002(-) 51.3 97.9 50.1 97.2 

20 1400(+) 32.5(0) 0.002(-) 52.9 98.1 51.4 97.7 

21 1250(0) 5(-) 0.009(+) 59.1 94.9 60.4 93.9 

22 1400(+) 60(+) 0.0055(0) 50.5 97.9 51.8 98.5 

23 1400(+) 5(-) 0.0055(0) 55.7 96.0 54.7 96.0 

24 1400(+) 32.5(0) 0.009(+) 53.3 95.5 53.2 96.3 

25 1100(-) 5(-) 0.0055(0) 40.2 91.2 41.2 90.8 

26 1400(+) 32.5(0) 0.009(+) 54.2 96.2 53.2 96.3 

Note: YEXP and CEXP are the experimental yield and carbon content, respectively. YMODEL and CMODEL are the yield 

and carbon content, respectively, predicted by the model. 
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Table A 4  Elemental composition from XPS results of samples D and E 

Temperature 

(°C) 

Time (h) XPS (at %) Sample D XPS (at %) Sample E 

C O S Si C O S Si 

Pristine CB - 95.9 3.7 0.3 0.2 95.1 4.3 0.3 0.3 

300 4 95.6 4.4 0.0 0.0 94.8 5.0 0.2 0.0 

350 4 95.4 4.6 0.0 0.0 94.5 5.5 0.0 0.0 

400 4 94.8 5.2 0.0 0.0 94.3 5.7 0.0 0.0 

450 4 94.3 5.7 0.0 0.0 94.0 6.0 0.0 0.0 

500 4 93.9 6.1 0.0 0.0 93.8 6.2 0.0 0.0 

550 4 93.3 6.7 0.0 0.0 93.2 6.8 0.0 0.0 

600 4 92.8 7.2 0.0 0.0 92.6 7.4 0.0 0.0 

650 4 92.1 7.9 0.0 0.0 92.7 7.3 0.0 0.0 

700 4 91.6 8.4 0.0 0.0 91.4 8.6 0.0 0.0 

500 1 95.7 4.3 0.0 0.0 95.8 4.2 0.0 0.0 

500 2 95.1 4.9 0.0 0.0 95.2 4.8 0.0 0.0 

500 3 94.1 5.9 0.0 0.0 95.0 5.0 0.0 0.0 

500 4 93.9 6.1 0.0 0.0 93.8 6.2 0.0 0.0 

500 5 93.5 6.5 0.0 0.0 93.4 6.6 0.0 0.0 

500 6 93.4 6.6 0.0 0.0 93.2 6.8 0.0 0.0 

500 7 92.9 7.1 0.0 0.0 92.8 7.2 0.0 0.0 

500 8 92.0 8.0 0.0 0.0 91.3 8.7 0.0 0.0 
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Table A 5  Elemental composition from XPS results of samples F and G 

Temperature 

(°C) 

Time (h) XPS (at %) Sample F XPS (at %) Sample G 

C O S Si C O S Si 

Pristine CB - 96.3 3.3 0.2 0.2 97.3 2.4 0.3 0.0 

300 4 96.3 3.7 0.0 0.0 97.3 2.7 0.0 0.0 

350 4 96.0 4.0 0.0 0.0 97.2 2.8 0.0 0.0 

400 4 95.8 4.2 0.0 0.0 96.8 3.2 0.0 0.0 

450 4 96.3 3.7 0.0 0.0 96.6 3.4 0.0 0.0 

500 4 96.1 3.9 0.0 0.0 96.0 4.0 0.0 0.0 

550 4 95.4 4.6 0.0 0.0 95.6 4.4 0.0 0.0 

600 4 95.0 5.0 0.0 0.0 95.6 4.4 0.0 0.0 

650 4 93.6 6.4 0.0 0.0 95.2 4.8 0.0 0.0 

700 4 93.4 6.6 0.0 0.0 93.5 6.5 0.0 0.0 

500 1 96.3 3.4 0.2 0.1 96.9 3.1 0.0 0.0 

500 2 96.3 3.7 0.0 0.0 96.8 3.2 0.0 0.0 

500 3 96.2 3.8 0.0 0.0 96.6 3.4 0.0 0.0 

500 4 96.1 3.9 0.0 0.0 96.0 4.0 0.0 0.0 

500 5 95.6 4.4 0.0 0.0 95.7 4.3 0.0 0.0 

500 6 94.5 5.5 0.0 0.0 94.7 5.3 0.0 0.0 

500 7 93.7 6.3 0.0 0.0 94.1 5.9 0.0 0.0 

500 8 93.4 6.6 0.0 0.0 93.3 6.7 0.0 0.0 

 

 

 

 

 

 

 




